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SUMMARY 


An analytical study was perforTned to determine t}ie structural approach best 
suited fo:'' the design of a Mach 2.7 arrow-ving supersonic cruise aircraft. 

Results, procedures, and principal justification of results are presented 
in Reference 1. Detailed substantiation data are given herein. In general, 
each major analysis is presented sequentially in separate sections to pro- 
vide continuity in the flow of the design concepts analysis effort. In 
addition to the design concepts evaluation and the detailed engineering 
design analyses, supporting tasks encompassing: (l) the controls system 

development (2) the propulsion-airframe integration study, and (3) the 
advanced technology assessment are presented. 


Reference 1 bakata, I# Davis, G, W* : Evaluation of Structural Design 

Concepts for an Arrov-Wing Supersonic Cruise Aircraft NASA 
CR- 1976 
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IHTRQDUCTIOS " " ^ " 

The design of an ecch'onlcaTly viable supersonic cruise aircraft requires 
reduced structural mass fractions attainable through application cf new 
materials, advanced concepts and design tocTsl' Configurations, such as 
the arrou-ving, show promise from the aerodynarrdc standpoint; however, 
detailed structural design studies are needed to determine the feaslbilit.y 
of constructing this type of aircraft with sufficiently low structural mass 
fraction. 

For the past several years, the NASA Langley Research Center has been 
pursuing a supersonic cruise "Aircraft research program (i) to provide 
an expanded technology base Tor future supersonic aircraft, (2) to pro- 
vide the data needed, to assess . the enyironine'ntal and economic impacts on 
the United States of present and especially future foreign supersonic 
cruise aircraft, and (3) to provide a sound technical basis for any future 
consideration that may be given the United States to the development of 
an environmentally acceptable and economically viable coininercial supersonic 
cruise aircraft. 

The analytical study, rep orted herein, was performed "to provide data to 
support the selection of the best structural conce])t for the design of a 
supersonic cruise aircraft wing j. nd fuselage primary structure considering 

near-term start— of— design technology. A spectrum of structural approaches 
for primary structure design that lias found application or had been proposed 
for supersonic aircraft design; such as the Anglo-French Concorde supersonic 
transport, the Mach 3 < 0-plus Lockheed F-12 and the proposed Lockheed L-2000 
and Boeing B-2T0? supersonic transports were systematically evaluated for 
the given conf iguration and environmental criteria. 

The study objectives were achieved through a systematic program Involving 
the interactions between the various disciplines as shown in Figures A through 
C. These figures present an overview of the study effort and provides a 
summary statement of work, as follows: 

(l) Task I - Analytical Design Studies (Figure a ),^ This initial 

task involved a study wherein a large number of candidate structure 
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concepts were investigated and subjected to a systematic evaluation 
process to determine the most promising concepts. An airplane 
configuration refinement investigation, including propulsion-airframe 
integration study were concurrently performed. 

(?) Task II - Engineering Design/Analyses (Figure B).- The most 

promising concepts were analyzed assuming near-term start-of-design 
technology', critical design conditions and requirements identified, 
and construction details and mass estimates determined for the 
Final Design airplane. Concurrent ly , the impact of advanced tech- 
nology on supersonic cruise aircraft design was explored, 

(3) Task III - Mass Sensitivity Studies (Figure C).- Starting with 

the Final Design airplane numerous sensitivity studies were performed. 
The results of these investigations and the design studies (Task I 
and Task II) identified opportunities for structural mass reduction 
and needed research and technology to achieve the objectives of 
reduced structural mass. 

Displayed on the figures are the time-sequence and flow of data between dis- 
ciplines and the reason for the make-up of the series of sections presented 
in this report. The various sections are independent of each other, except as 
specifically noted. Results of this structural evaluation are rep)orted in 
Reference 1. This reference also includes the procedures and principal justi- 
fioation of results, whereas this report gives detailed substantiation of the 
results in Reference 1. This report is bound as four separate volumes. 




igure A. Analytical Design Studi 
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Figure B, Engineerirg Design ami Analyses 
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Figure C. Mass Sensitivity Studies 
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SYMBOLS AND riOT.VTiONS 


D 


Diameter 


Lru 


bry 


cy 


ty 


tu 


K. 


Ic 


K. 


Iscc 


L 

LT 


Elongation in percent; the ininiTri::iiii distance from a hole cente*?^ line to 
the edge of the sheet 

Modulus of elasticity in tension 

Modulus of elasticity in compi’essi on 

Ultimate bearing stress 

Bearing yield stress 

Compressive yield stress at which pe:cmanent strain equals 0.002 
Tensile yield stress at which pemanent strain equals 0.0G2 
Ultimate tensile stress 

Ultimate stress in pure shear (represents the average shearing stress 
over the cross section) 

Modulus of rigidity 

Plane strain fracture toughness index 

Minimum threshold value of the stress intensity for cracked specimens 
subjected to sustained load for extended period of time in a specified 
environment 

Longitudinal grain direction 
Long-transverse grain direction 
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SECTION 


MATEETALS AND PRODdCTTTLTTY 


T?^THOEUCTTON 

The mat.Gri?-ils fuid ?idvnn(!ed produciblli ly methods tha,“ pctenlial structural 

mass savings in the design of the primary structure for a supersoni 2 cruise air- 
c/'aft are Identified and reported in this section. A s^urrimary of the materials and 
fabrication techniques selected for this analytical effort is presented in 
Table 7-1. Both metallic and composite material systems were selected for appli- 
cation to a near-term start-of-design technolog^^ aircraft. As indicated on the 
si<TniTiary table, selective x'einforcement of the basic metallic structure was considered 
as the apjpropriate level of composite application for the ncar-temi design. “ 

The materials eventually selected for a supersonic cruise aircraft will be those 
with the test ccTTibinatioh of properties required for a speci:''ic design:. These 
properties include (l) mechanical and physical properties, (2) case of manu- 
facture, (3) cost effectiveness and (^) miniTmim msss. Thus, material selection 

requires thorough hnowledgo and evaluation of inaterials, processing, properties 

and cost, considering the design envlrnnrreni for the specific design. 

MATERIALS 


Metallic Materials 


Titanium alloys were considered for supersonic transport application in the 
i960 U:ne-per iod. The leading titanium alloy for sheet metal construction under 
consideration during the mid-sixties was Tl-8A1-1Mo- 1Y alloy. At that time results .. 
of environmental tests, using a precracked fracture specimen, demonstrated that 
Ti-8Al-lMc-lV was susceptible to stress corrosion cracking In salt water and other 
aqueous environments. 

As the result of the problems encountered with the T1-3A1-1 Mo- 1V alloy, all cuan- 
didates were reevaluated with the emphasis on stress corrosion cracking. The 
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SEALANT - DOW THE AST FUEL TANKS 'WILL BE DESIGNED TO MINIMIZE THE REQUIREMENT FOR SEALING. EXTENSIVE USE WILL BE MADE 

CORNING'S 77-028 OF SEAM WELDING, WELD-BONDING AND BRAZING. DATA HAS BEEN GENERATED ON OOW-CORNING*S SEALANT 

FLUORCSILICONES WHICH INDICATES LONG TERM RESISTANCE TO 500‘^K (450^0 EXPOSURE. 




Boeing Company under FAA sponsoi'ship , conduc^^ed an invent i gat ion on Ti-oAl-4V and 

V wJiich demons Lr a Led superior properties as the result of the rcevalua- 
tion effort. The results of these studies, as well as others condu:^ted by industry - 
including work by Lochlieed on the Beta alloy s-vere" reviewed and Litaniuri alloy 
6A1-W (annealed; was selected as the primary structural material for the near-term 
supersonic transport design. To Identify the importance of higher strength proper- 
ties on design, however, the titanium alloy Beta C was also selected. Beta C is 
representative of the more recently developed Beta titanioum alloys which exhibit 
high strength properties obtained by solution treating and aging and also ha.s high 
formability characteristics of the unalloyed titanium. 

Mechanical Properties - The preliinlnary design properties for the selected lilaniLun 
alloys used for supersonic cruise aircraft primary wing and fuselage structure design 
are presented in Table 7“2. The data for Ti— 6A1-W are from Reference i. Data are 
presented for the mechanical properties established under both the MIL-T-9047 Specifi- 
cations and the Aerospace Materials Specification (AMS) t906. Limited fo 2 ''rr.ability 
and marginal fractxire toughness for the solution treated and aged (STA) condition 
precludes its general use and the.d_ata_is presented for comparison -purpose only. 

Beta C (Ti-3Al-8V-6Cr-iMo-4Zr ) , Beta III {Ti-llMo-6. 5Zr-U, 5Sn ) and Ti-8Mo-8V-2Al-3Fe 
data are from Reference 1 and 2. They are heat treatable beta-titanium alloys of- 
Pering autst.andlng c!old formability and simple heat treatment to high strengths. 

Sheet and foil can be produced by cold rolling in coil form. Sheet can be cold formed 
VO complex conf Igurat ions . Foimicd parts can be suboeq^ucntly aged to high strength 
with very little distortion. The high strength condition has the additional charac- 
teristics of being tough, thermally stable, and relatively insensitive to accelerated 
crack growtn in aqueous environment and good resistance to hot-salt stress corrosion. ^ 
These alleys offer cost reduction potential, however, in certain applications 
their use is handicapped by their high density. The data presented for these alloys," 
however, show marked improvement over the titanium alloy Ti-l3V-llCr-3Al (B120VCA). 


Material Ef ficiency Parameters - The room temperature properties of current alpha- 
beta and beta titanium alloys are summai'ized and used to develop the various alloy 
efficienty parameters to aid in the material selection process. These parameters 
include: 


TABI.,E T-P. PRELTMT>3ABY DESIGN PROPERTIES FOR TTTANIIDI ALLOY SHEET 


ALLOY 

1 



Ti 6A 1 4V 



BETAC I 

BETA Ml 

8 8-2-3 

B120VCA 

Specification 

; MILT9047 

AMS 4906 

PRODUCER'S 

MILT-9046 



Form 

SHEET. STRIP. AND PLATE 

CONTINUOUSLY ROLLED SHEET & STRIP 

SHEETS STRIP 


Condition 

— 

ANNEALED 

STA 

ANNEALED 

SOLUTION TREATED & AGED 

1 

Thickness, in. 


V 0.1875 

>0 008- 

>0.025 

>0,025- 

<0 060 

<0 187 


Basis 

■ A 

B 

S 

— 

A 

B 

A 

B 



S 

B 1 

j 

Mechanrcal Properties 












F,„. ksi 












L 

134 I 

139 

160 

140'^ 

149 

140° 

145 

180 

180 

174 

175 

LT 

- ! 

139 

160 

140^^ 

148 


147 

180 

180 


... j 

Fiy 












L 

176 
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c The A- values are higher than specification values as follows: 
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h. Thickness Q.02S m. ^ above 




• Specific tensile strength Jridicate those alloys capable of provid- 

ing minimum mass components where tensile loadings are critical at room 

and elevated temperature, 

• Specific clastic modulus (E/P) to indicate those alloys that are capable of 
providing ninim'om mass structures whe^’e column stiffness or plate buckling 
are critical structural conditions, 

• Damage toleran:^e capabiliTy to aid in selecting alloys and/oi* 

conditions that offer the potential of minimum risk of premature failure, 

• Room temperature stress corrosion susceptibility as measured by yp, 

• Room temperature fo inability as indicated by the ratio of bend radius to 

thickness ), 

• Ma>:imum tension- t>ensi on fatigue si rength at 10^ cycles with R = 0,1 and 

= 1 and - 3 divided by density to indicate the susceptibility of the 
titanium alloys to crack initiation and fatigue failure, 

Modulus-Density Critical Elements : A review of Figure T-l indicates that for 

modulus-density critical elements, such as wing skins which are critical in buck- 
ling or stiffness load conditions: 

- • The high aluminum alpha-beta, alloys have the highest modulus-density /_ 

ratios of any of the current and recently developed titanium alloys, 

Ob\'iously, alloys such as Ti-8-1-1 used, in the previous 33T studies would 
ai.tfactive because of its low density (0,158 Ibs/cii in.) and 
relatively high modulus (l7-l8 x 10^ psi). However, the knowcx ’Vater- — 

sus ceptiV>ility” of this alloy has prejudiced its consideration in this 
program , 

• Ti-6Al-6V-2Sn , the current alpha-beta alloy with high ncdulus-density ratio 
is not available as cold rolled sheet or strip, is susceptible to alloy 
segregation, and is not outstanding in j ts fracture toughness nor stress 
corrosion resistance. 

• Ti-6Al-2Sn-2Mo-2Cr-2Zv-0.25 Si (Ti-6-22-22j alsojias been reported to exhibit 
high modulus-density ratios and has been rolled into sheet products. The 
properties shown in Figure 7-1 are for axuiealed sheet. __If the modulus values 
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car. be reproduced in sheet fern, and hha silicon addition (for high tempera- 
ture properties) does not affect the stability of the alloy at moderate 

teriy^erat.ures (i.e,, UOO- 6 OO F), tdiis wa-'’raM'.s consideration as an 

alternate to Ti-oAl-tV. 

• Ti- 6 A 1 -^^V is available as cold rolled sheet and strip, can be pjrocessel no 
provide high fracture toughness and stress corrosion resistance charac- 
teristics, and is considered the most p'r’omising material for modulus-density 
critical applications. 

• An alternate materia] vrith .rodulTiB-dens i.ty ratios approaching that of " 

Ti- 6 Al-liV is Ti-5A1“2. 5Sn. Tt can be used where its lower tensile strength 

or restricted hot formability (due to cold working) does not impose a weight 
penalty, 

• Attempts to obtain improved modulus-density’ ratios in titani'am alloys by 
such techniques as texturing arc only partially successful. The resulting 
direc Llonali ty is a prubleru beta in fabrication and design and the improve- 

- melt is subject to degradation upon h<;t working to obtain complex contours, 

• A review of data on the super-alpha alloys (those alloys developed for 
903 F creep applications such as Ti-11 or Ti-5621S ) has nor revealed any 
advantage for the use of these alloys in the moderate temperature region of 
kOO F -600 F, and such as required for supersonic cruise aircraft design. 

• The metallic matrix composites, such as borcn-borsic /aluminum, boron/ 
titanium, etc., have very high modulus -density ratios and are not plotted 

on the chart with the titanium alloys, 

Tensile-Strength Critical Elements : The most efficient material i'or these 

applications are the solution treated and aged beta titanium alloys, such as 

Ti-8-8-2-3* In addition, uhese alloys, besides being available as cold rolled sheet- 

strip-extrusion, do provide the capability of room temperature forming to relatively 
complex contours. The aging process is relatively simple, not requiring rapid 
quenching from special protective atmospheres, and can be combined with cold work 
tc obtain even higher strength levels. 

Unfortunately, as with other titani^jm alloys, the aging cycles used to date result 
in lower fracture toughness properties, i.e., values, of approximately 50 ksi v in. , 
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and notch tensile ratios for 0.040 sheet material of approximately 0.8. Similar 
data have been reported for stress corrosion resistance. 

The fati^ae "cut-off” on beta alloys must be higher than the alpha-beta cut-off 
by at least the density-ratio (i.e., 0.l60/0.17^) to avoid any weight penalties. 
Unfortunately 5 fatigue data for beta titanium is extremely limited. Meager data 
indicates properties directly comparable to and in certain instances 25 -percent 
greater than the alpha-beta eilloys . 

Application of beta-alloys, such as Ti-8-8-2-3, therefore will require: 

1. The development of fatigue data as a function of alley and production and 
assembly methods that will confirm the capability of realizing the tensi.le- 
strength weight advantages, and 

2, The cstablishnent of aging cycles which can minimize the noted reauctions 
in fracture toughness and stress corrosion resistance. The need to develop 
such aging cycles is important since it has "been determined tha.1 welded 

or veld bonded components with this alloy offer promise for minimum weight 
structures . 

Aging Response. - Ty^pical of many heat treatable metals Llie beta titanium alloys 
exhibit both a response to cold working plus a combination of cold working and 
aging as well as overaging. The results of various cold working and aging tests, 
performed at Lockheed, are suimnarised in Figui'e T-2. 

Cleaning. - The normal cleaning and/or pickling solutions for alpha-beta titan- 
ium alloys proved inadequate for cleaning of aged beta titanium alloys such as 
Beta C and Ti-8-8-2-3* Standard shop nitric-hydrofluoric acid concentrations left 
a dark smut on the surface of the aged titanium alloy products. The smut film was 
not identified but only abrasive cleaning or extremely concentracted solutions of 
nitric-hydorfluoric acid could provide a clean, bright surface for subsequent welding 
and/or weld bonding work. 

Fusion Welding, - TIG and EB welds in solution treated and solution treated and aged 
beta titanium alloys were made utilizing techniques and procedures typical of standard 
alpha-beta titanium alloys. 
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AGriMG TEMPERATURE 



V/ela Bonding. - Beta titaniijm alloy (Ti-8-8-2-3) cold '-oiled sr.rip was aged to approx- 
imately 160 ksi and resistance (spot) weld schedules developed to provide a consistent 
interfacial gap of 0.002 to 0.005 in. After welding, half of the specimens were 
infiltrated with an epoxy resin (B. F. Goodrich, Tj'-pc A, 1396B; in the initial 
interfacial gap by resin capillary flow during the cure cycle. 

Test on the weld bonded specimens compared to the as-welded specimens , showed the 
following results: 

• Shear 'strength of weld bonded specimens 2-1/2 times that of as welded specimens. 

• Tensile strength of weld bonded specimens equal to as welded specimens. 

• Fatigue strengths and lives of weld bonded specimens improved greatly over 
tdie fatigue strength of as welded specimens. 


Composite Materials 

The application of composites to the primary structure for the near-term supersonic 
cruise aircraft design was Imited to selective reinforcement of the basic titanium 
structure. Furthermore, based on the principles of maximum return for minimum cost 
and risk, the application was primarily unidirectional reinforcing of members carrying 
axial loads, such as spar caps and stringers. Other guidelines included: (l) All 

exposed surfaces were titanium; (2) All load transfer at joints were made tnrough 
titani'um structure; and ( 3 ) At least minimum gage titanium was maintained on all 
design concepts. 

Material Properties .- The composite materials used for reinforcement purposes were 
MODMOR Il/Sky-bond 703 graphite polyimide (Gr/Pl), Boron/Skybond (B/Pl) and 
5.6 Bcron/llOO Al.umlnum with titanlimi interleaves (B/Al). 

For composites the static material properties are based on currently published 
(1970-1972 technology) data which have minimal statistical basis (average or B-basis 
properties). It is Implicitly assumed that material development will continue and 
that these properties are representative of minimum allowables available at start- 
of-design. Reduction of properties due to environmental aging, etc., is undetermined 
at this time and the evaluation of this effect is not included. 
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The polyimide matrix composites can sustain ccrvicG temperatures in the range of 
500 ? to 600 F, However, aging degradation is evident above 500 F. C-rnphl le/pol:^ide 
composites have considerable potential for reduc ing thermal deformatiens and stresses 
because of their low coefficient of theianal expansion, Boron/polyimide has the 
iiighest compressive efficiency, 

Eoron/aluminum composites have a high compressive structural efficiency, and can 
sustain temperatures to 800 F, Stress-to-rupturo tests to 600 F for long periods 
of time have shown no evidence of aging degradat Lon, However, constant amplitude 
fatigue properties are degraded in the kOO F temperature range after 10^ cycles. 

Its compressive efficiency makes it suitable for use as a stiffening element in 
concert with titanium structural elements. 

Table 7-3 summarizes the preliminary design composite properties for linear and 
non-linear computer programs used in the compos l i-,e design. The stability analysis 
requires linear properties while the material property characieri zation program 
uses non-linear data. The polyimide (pi) data is from Reference 3- Tlie boron/ 
aluminum (B/ai) properties are for 5.6 mil boron using 1100 aluminum alloy for the 
matrix in combination with interleaved titanium foils. Published test results show 
significant improvements in transverse ductility and overB.ll performance over the 
6o6l aluminum matrix system. To characterize composite reinforced titanium, Ti-6A-tV 
properties were obtained from Reference 1 with tlie Ramborg Osgood properties for 
the non- linear programs from Reference 

Composite Reinforced Titanium. - To explore the benefits to be derived from 
selective conroosite reinforcement of titanium structure, various arrangements 
of materials and plies were evaluated. The strength and stiffness properties 
of various lajninates were determined using the data of Table 7-3 in conjunction 
with the Lockheed developed computer programs. 

Figures T-3 and show the tensile and compressive strengths (loaded in the 
filament direction) of titanium selectively reinforced with various proportions 
(by cross-SGcnional area) of unidirectional boron-polyimide. The material 
properties are from Table 7-3, and the thermal dlfrerential due to curing was 
assumed to be -300^F. A value of 90,000 psi was selected as the fatigue cutoff 
strength of titanium alloy-Ti -6A1 -Uv. Tlie tensiJ-e strength of the compound 
composite at which the octahedral stress in the i;itanium is 90,000 psi is 
shown on Figure 7-3. 
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'^ABLE 7-3. PRETJMINAPY DESIGN COMPOSITE PHOPERT'ES FOB 
LINEAR AIID NON-LINEAR COMPUTER PROGRA.MS 
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Figure 7-5 presents the stress-strain relationship of graphite-poDyimide (Gr/Pl) 
imidlrecnior al reinforcenent (O-degree plies) of Ti-6A1-J+V annealed. The influence 
of various percentages (of cross sectional area) of Gr/PI reinforcing is displayed. 
Stiffness Increased "between 10 to 30 percent over the "basic titani-jiri alloy are noted 



STRAIN -in./in. 


Figure 7-3. Tensile Strength of E/PI Reinforced Titanium 
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Figures 7-6, T-7^ and 7-8 suranarize dala computed for studies related to "boro n/ aluminum 
(B/Ai) reinforced titanium. The temsilc stress-strain data of Figure 7-6 displays the 
changes in material property characteristics with the percentage increase in 
unidirectional B/Al. A change in elastic modulus from 23 x 10^ psi for to-percent B/Al 
to 29.9 X 10^ psi for 80-percent B/Ai is noted with a corresponding decrease in 
material density. 

The fatigue cutoff for B/)tl was estimated by observing limited data for horon /6061 
alumiriuni reported in Reference 9 various fiber volume fractions. The strains 

correspond*^ ng to the fatigue limit for 42-percent fiber volume were taken as design 
cutoff values for B/Al/Ti, The fstigue cutoff stress for titanium (90,000 psi) Is 
indicated on the figure for reference. 

The strength, modulus, and density of B/Al/Ti is summarized in Figure 7-8 with the 
coriEespcnding usage of boron al*aininuTrL as a fraction of the total area, 

Polyimlde adhesive data are presented In Figure 7-9 s,nd Table 7-4. FM-34, a 

condensation-polyimide adhesive film manufactured by /American Cyanamid, has been 
aged 20,000 hoary at 500 F witii virtually no reduction in bond strength on titanium. 
This is a strong indication that the condensation-pol^Tnides as matrix materials 
would have long-tei'm U 50 F - 500 F property retention. Addition-polyimides have 
recently been evaluated as structural adhesives, and look reasonably good after 
1000 liours at 6 OO F, There is not enough aging data, hovrever, for a comparison 
with the condensation-polyimide adhesives. 


PRODUCIBILITY 

Producibillty technology studies were performed as an integral part of the analytical 
design effort to focus upon the practical re:juiremcnts of manufacture. The s Ladies 
were conducted to establish feasibility for the application of advanced manufacturing 
techniques to large scale production. Specific studies encompassed: 

• Improved fatigue quality through minimizing fasteners by use of welding, 
bonding, and brazing 

• Large scale fabrication to minimize the number of joints 

• Minimizing or eliminating tank sealing by use of large scale application of 
welding, bonding and brazing 
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Emphasis was placed on an integrated design/manufaoTAU'ing approach to develop low 
cost producible structui'a*' design concepts utilizing advanced maoei'-axs and labc ica— 
tion processes consistent with technology levels associa!.(;d with near-term stai-t of 
dccirn. The design and manufacturing d'ita available from the Lockheed L— 2000 suner- 
scnic transport, the Lockheed YF-12 supersonic aircraft, and numerous industry' 
contacts, were utilized in developing solutions to design problems encountered in 
the s^udy. 

An iinportar.t facet of the produe ibiiity technology study was the es : stmient of 
Hianufacouring guidelines to assist in "Che design concepts development. Fabrication 
limits and constraints vere developed for :''orming, joining, nieta.1 removal and assembly 
technologies (Section 8, Basic Design Parameters), Tentative fabrication and assembly 
schedules vere developed for the major components, and f'nally, manufacturing - 
materials — process problems vere identifiec. for the various structural design 
concepts for ving and fuselage primary structure design. 


Fabr i c at, i on Technology 

Fabrication Technology for titaniuin materials vere based upon an assessment of the 
iridustiy state-’Of-the-art. It was assumed that certain technological levels required 
for the early I 98 O time period vould have been developed. The technologies util i. zed 
In the. design concept development included: 

• Weld bond and rivet bond - high temperature resins - either polyimide (Pl), 
PPQ or others. 

• Metal-to-metal or metal-to-core bonding - high temperature resins 

• bean (EB), tungsten inert gas vTIG), plasma— ai c velding. 

• Brazing - veidbrazing of large complex shaped panels 

• Chemical cleaning - preweld bend and braze of Beta alleys - post aging 
cleaning 

• Complex structural shapes - extrusions - welding - diffusion bonding, etc. 

• Hot die-vacuum forming or large panel sizes (15 ft. x 55 ft) 



• Compositcc; - high temperature either PI or PPQ or other matrix - aliami n urn 
metal matrix 

• Complex tooling methods - large size ctDmponents ~ v;elled truss spars, 6o ft, 
length - skin panels, 1^ ft. x 30 ft. - EB welding of major assembly joints. 

• Titanium fasteners 

• Fuel tank sealing - high temperature sealant materials 

Current resea::'ch and development being explored by gn/ernment and industry were 
evaluated to determine design applicabLlily and need for additional work to obtain 
a viable fabrication process that meet the supersonic cruise aircraxd: performance 
and life requirements. The high temperature resin weld bond process was considered as 
the primary candidate to join the skin panels (i.e., convex beaded) to produce high 
r.atigue life Joints; weld brazing was selected as the alternate system. 


Manufacturing Guidcillnes 


Realistic manufacturing guidelines for the structural design of a siipersonic cruise 
aircrafo were established. The ground rules included policy guidelines for fabrica- 
tion, tooling., faci lities and subcontractor requl rements . In addition, supplier 
conferences were held with industry representatives (Table 7-5) to review specific 
design approaches to establish equipment capabiliLles and availability, and fabrica- 
tion process limitations and constraints. 


A transportation study was conducted for the potential subcontract of fuselage sections, 
trail ing edges, leading edges, pylons, empennage, etc. The structural sizes were limitedr 
to maximum railroad shipping package envelope requirements. For cross country shipping” 
the maximum available envelope was 10 feet 6 inches x 19 feet 6 inches x 89 feet. 


The guidelines are summarized as follows: 


1. Potential production quantity is based cn 300 to 350 aircraft at a rate of 
aircraft per month. 


2, Complete aircraft assembled by the Lockheed-Californla Company (Calac] 


3. Wing structure segments to be fabricated and assembled by Calae - skin panel 
details and spars may be subcontracted. 


TABLE 7-f). VENDOR CONTACTS MADE FOR ARROW WING STRUCTURES STUDY 


VENDOR 

SUBJECT DISCUSSED 

Aeronca ?^fg. 

Aluminum Brazed Honeycomb Sandwicli 

Rohr Aircraft 

Liquid Interface Diffusion (LID) 
Diffusion Braze Process 

Northrop Aircraft 

Nor-Ti-Eorid Diffusion Braze Process 

TRW Systems 

Weld Bond 

Advanced Structures and Technology Co, 

STKESSKIN 

Sciaky Brothers, Inc, 

Welding 

Avco 

Metal Matrix Composites 

Holosonics 

?iDT Inspection Methods 


U, TDifiniiim fn.brica.ticn capability voulo. bo available at- >^alac fOT tho pot-onx-ial 
large size detail compenents. Specific equipment are hot presses - hot 
vacuum fornring - hot stretch press forming - welding i.T.I.G., resistance, 
plasma and E.B.) *- autoclaves for high temperature and pressure curing 
resins - high temperature post curing adhesive ovens - alaminum brazing 
furnaces • 


5* TIG/EB portable/stationary welding equipment for assembly of major structural 
components - wind segments - fuselage sections, 

6, Large size components - minimum mechanical joints. 


7 . 


a. 


Fabrication size limitations are: 

• Forming skin panels 

• Brazed skin panels 

• Bonded and weld bond panels 

• F^aselage panels 

Automatic welding - all but welded 


15 ft. X 35 ft. (naxinum) 

68 inches x ft, (miaximum) 
15 ft. X 50 ft. (maximum) 

12 ft, X 50 ft. (maximum) 

joints 


• Skin panel welds plannished 

• Fcitned skin panel wolds stress relieved 

• Welds shaved on all surfaces - except inside of tubular 

• Welding schedules - sequenced to minimize residual stresses 

• ^‘lanual- welding limited to absolute minimijxn 




o substructure 


9. Assembly parameters - surface panels t 

<i Spar spacing - 21 in. minimum fo}’ personnel accessibility 
II Minimam cross section access 12 in. x 19 in, 

w Beyond (minimum cross section) aitn hole access doors (5 in, x 3 in.) 

- spanvise pitch 5^ in. each spar bay 
» Blind fasteners ^ minimum usage 
o Composite reinforced sps.rs - no riveting a] loved 

10, Mechanical Fastener’s 

o Titanium rivets (Beta alloys or cithers); size limit O.lSo diameter 
» Hi-tigue oAl-lV STA 

Cl Shea?' lc>w profile head - acceptable for outer skin 

c» Single row fastener - unacceptable for fuel tank joint splices 
a Blind fasteners net pej'mi ssit le in z'uel tank area 

11. Access Doors 

0 Clamped type - avoid fastener holes 

ft Manufacturing access - prefer bliiil fasteners over access dooi's 
i» Two access doors per tank for assembly and inspection (13, x l8 in,) 

Fabrication Limits and Constraints 

Tne fabrication limits were identified for the all metal (titanium) skin stiffened 
and raonocoque design concepLs and reported in Section 8, Basle Design Parameleits. 

These fabrication limits are realistic estimations of the state-of-ohe^art for 
fabrication cf titani^um hardware components for the I 98 O time period. Data was 
derived f rom titani-um mill product producers, fabrication equipment suppliers, 

Lockheed 1‘abrication experience, industry and goverrunent reports {i.e., SST Technolog;y 
Follow-On Pregram-^hase T, Federal Aviation Administration) 

Fabrication limits were established for material sizes and gates for the Alpha- 
Beta and Beta titanium alloys and the process technologies to convert the material 
into structural components. 


Detailed fabrication limits were established for; 


forming - room and elevated temperatures - minimuiri bend radius at tempeT at ures - 
panel sizes - equipment and facility constraints. 

Joining — welded, brazed, welrl bonded and mechanical lastened assemblies such, as, 

• Spars, ribs, spar and rib joint interface 

• Skin panel attachment to substructure 

• Assembly limits for production segments - minimum spar spacing requirements 
and inspection accessability 

• Metal removal - minimum thicknesses for chemical and machining detail cumponents 


Materials and Processes Compatibili ..y 

The effects of titaniura alloy (Alpha-Beta and Beta) compatibility on standaid aii- 
craft fabrication processing methods were reviewed; and the materials and processes 
compatibility data of Table 7-6 were developed. A rating system from 1 to 10 was 
developed to indicate process feasibility, deleterious effects of processing on the 
end-product and other data required for decision making process. Ratings ^3 and above 
require process development programs to determine application feasibility. T^'pical 
development areas for the (6Al-tV and Beta titanium alloys) are; 

• Isothermal forging 

• Progressive rolling 

• Stretch forming 

• Peen forming 

• Laser welding 

Fabrication and Assembly Schedule 

Produci-bility studies were conducted during the design phase to establish tentative 
fabrication and assembly schedules for construction of major structural components 
with several Schedules highlighted below. 


Weld braze 

Rivet bond (polyimide resin) 
Adhesive bond (polymide resin) 
Weld bond (polyimide resin) 
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Chorrlwise Stiffened Beaded SKin Panels, - A process fabrication schedule developed for 
the beaded -skin panels is presented in Tabic 7-7* Tbe data presents a step-by-step 
processing sequence fci' bot.h tdie Alj:ha-Beta and Beta titaniiuri alloy materials, A 
brief suminary of this proposed process is describecl belovr: 

1. ForTied outer skins - cold preform using a Verson Wbeelon rubber form press. 

Ma:>:imujn standai^d sheet size for .015 inch thick skins is ^-iS-incnes by l4^-i inches, 

TIG butt weld cold preformed sheet details to final size panel conf igurat ion 
- stress relieve weld joints. 

Hot size to final contour using hot ceramic die forming method. 

Formed inner skins - cold preform corrugation beads (3 to ^ bead width; 
by brake or Yoder roll form. Preform the end closurers and then hot size 
(plaven press ) , 

Hot roll size to final corrugation bead widths. 

Butt weld details to produce the final size panel. 

Hot vacuum form to size in ceramic die to achieve mating compound formed 
con tou fu 


The development of crack free surface^ compound contoured, resistance heated 
ceramic dies (15 ft. x 35 ft.) with constant surface temperature controls is one 
of the major manufacturing problems to be resolved. 

Weld Bonci of Beaded Panels. - To reduce the number of mechanical fasteners and im- ^ 

prove fatigue life, weld bonding of the beaded outer skir. to inner skin is proposed 
tc assemble the wing surface panels, 

Polyimide resins are required to meet the ^60*^F surface temperature of the Mach 
2.7 cruise conditions. An industry search indicated that veld bonding with the ^ 

standard coniensat ion-polymides was net considered feasible because of the problem 
of excessive volai^lles. The addi tion-polyimides can be pre-staged to remove volatiles 
prior tc assembly and cure. However, studies exploring this approach identified 
disadvantages for fabrication of large compound contoured skin panels and precluded 
its use. The development of a polyimide system suitable for capillary flow weld 
bonding indicates that the addition-type resin systems could be modified so that a 
low viscosity phase occurs well below the gel temperature. It appears that a capillary 
flow-additicri type polyimide resin could be developed. This approach provides the 
most promising system for widespread applicability. 
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TABLE T-T. PROCESS FABRICATION SCHEDULE-BEADED SKIN PANEL 




TABLE 7-7. PROCESS FABRICATION SCHEDin.E-BE.ADED SKIN PANELS ( CCNTINUETi 





SKIN PANELS WITH GAGE THICKNESS CO'sflBINATlONS OF 
(.015 AND .0101 WILL RESULT IN FEATHER EDGES IN 
COUNTER SUNK HOLES. 

DOES NOT INCLUDE WELD BONDING 
or OUTER SKIN TO INNER SKIN 


To obtain more confidence in Lhn cri.]>illary flow weld bond proceSvS, a feasibility 
study conducted utilising an epoxy resin system (until a qualified polyimide is 

established). The preliminary results of this study are noted below: 

• Cleaning method for both spotvelding and adhesive bond - chemical cleaning 
oer Spec LCP-T6 i 0192 plus mechanical abrasion with scotch bright produced 
a 50 micro ohms resistance surface good for h 8 hours with no cont.arn ination 
or 1 n c a.s e i ri re s 1 s t i v i 1 5 ^^ . 

• Gap spacing of .OOS-tn. to .005-in. vere held and repeatable by controlling 
the forging cj^cle during the weld schedule sequence. 

• A Goodrich Type A 1396B epoxy 250 F curing resin was used, 

• Excellent capillary flow was achieved through a 1-lnch width weld .loint, 

• Lao shear tests indicated a 2-1/2 times load increase over standard spot welds. 

• Fatigue tests of Ti-8-8-2-3 weld bonded specimens showed marked improvement 
over as-velded specimens (Table 7-8). 

The encouraging results noted above indicate that weld bonding is a promising joining 
process , 

To join the outer and inner beaded wing skin panel requires a blind capillary flew 
system. The proposed fabrication limits w'ere established for the typical Joint geometry. 
The proposed process steps are described as follows: 

• Clean outer and inner interface skin surfaces. 

• By automatic tape dispensing machine, place the P.I. resin tape (.OO^i-in. to 
. 005 -in.) down the outer edges of the Joint surfaces of the inner skin panel. 

• Locate the outer skin on the inner skin 

• Spot weld down the center in between the resin tapes 

• Oven cure assembly at 350 F 

• Post oven cure assembly at 600 F 

• Ultrasonic inspect bond areas for voids 

A development program is required to establish a viable process procedure to produce 
a quality PI resin weldbond Joint for large beaded panel wing skins. In addition, 
development of an automatic tape dispensing machine and a 5 -axis spot welder Is required 
for fabrication of these large panel sizes. 
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TABLE 7-8. FATIGUE PROPERTIES OF WELD BOIJDED BETA TITANIUM ALLOY 
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Composite Reinforced Spar Caps - Significant structural mass reduction was achieved 
by the application of organic and ruetal matrix composites to reinforce the titanium 
alloy spar caps (Reference Section 12, Structural Concept Analysis), 'The fabrication 
and assembly schedule considering (1) the autoclave curing method for the boron- 
polyimidc rein""oreement , (2) the alujninuni brazed method for the borsic-aluminun 
reinforcement and, (3) the diffusion bond method for the boron-aluninum reinforcement 
arc highlighted below: 

(1) Autoclave Curing Method - Boron/Foly i mide Reinforced Spar Cap (Figures 7-10 
and T-i 1 ) : 

• Eoron/PI reinforcements procured to contour in separate tool. 

• Clean titanium spar cap (Chem-etch ) 

• Place PI adhesive film on spar cap flanges. 

• Boron ,/pl reinfomcements bonded to spar cap as shown in the figure, 

• Vacuum bag autoclave process (350 F ® 150 psi), 

• Post cure 6C0 F; 4-6 hvours (after renoved for tools) 

(2) Alnminura Braze Method - Borsic/Aluminum Reinforced Spar Caps: Figures 7-1? 

and 7-15 )• 

• Interface surfaces of stainless steel vacuum bag pressure pads, spacers 
etc. coated with stopoff (microbraze ) . 

• Clean titanium spar cap ( Chem-etch) 

• Coat titanium filler blocks for insertion in titanium spar cap. 

• Preform Borsic/Alumin'itm (B/AI) laminate reinforcement strips to contour 
by diffusion bond process. 

• Place coated filler blocks in titanium spar cap 

• Place 719 braze alloy on titanium spar cap flanges (tack-spot in place) 

• Place on preformed B/Al reinforcement strip laminate and locating 
pressure pads. 

• Encapsulate assembly with preferined stainless steel vacuum bag; seam- 
weld closing edges. 

• Purge with argon gas; drew vacuum. 

• Place assembly in hydroclave. 

• Heat up to 1C30 F % 250 psi, 

• Cool to R.T.; remove from hydroclave, 

• Remove stainless steel vacuum bag. 

• Remove spar from tools, 

• Check contour and warpage 



SPAR CAP 
(TITANIUM) 


UNIDIRECTIONAL 
BORON/PI REINFORCEMENTS 


RESIN film 
(BOND LINE! 


SEALANT 


VACUUM BAG 



REMOVABLE 
PLASTIC FILLER 
BLOCKS (6" LGTHS) 


^ 



^ — 


1 


LOCATING 
PRESSURE PADS 
(STEEL) 


^LOCATING 
SPACER (STEEL) 


Figure T-10. 3cron-Polyin*icie Kelnf creed Tank Wall Caps - Autoclave 

Curing Method 



Figure 7-11. Borcn-FolyiTTiide Keinfcrred Truss Spar Caps 

Curing Method 


- Autoclave 



SEAM WELD 


SPAR CAP 
(TITANIUM) 


VACUUM BAG 
(STAINLESS STEEL) 


UNIDIRECTIONAL BORSIC/ALUMINUM 
REINFORCEMENTS (6061), 


719 BRAZE ALLOY 



REMOVABLE 
FILLER BLOCKS 
6-INCH LENGTHS 
(TITANIUM) 


LOCATING PRESS. 
PADS (STEEL) 


LOCATING 
SPACER (STEELI 


Figure 1^12, Borsic-Aluininuin Reinforced Tank Wall - Aluininiun 

Brazing Method 



Figure Tri3- Borsic-Alwninum Reinforced Truss Spar Capa - Autoclave 

Curing Method 
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(3) Diffusion Bond MoiBorf - "Doron/Alu'rii num Reinforce Spar Cap (Figures 7-1^^ 
and T-15) : 

• Die i n t e r f a c e “s u r f aces c o a t eii with sfopoff (microbraze) 

• Clean titanium spar cap (chem-etch). 

• Lay up green" tape (bcron/alumirroiri ) to specified layers in lower die 
cavity, 

• Place in titanium spar cap 

• Place in s pac e r ‘ bloc ks”"" 

• Lay up green tape (boron/alijjTiirnm) to specified layers on titanium cap 
surface. 

• Locate and assembly upper die blocks « 

• Encapsulate die block assembly with preformed stainless steel vacuum 
bag; seam weld closing edges, 

• Purge with argon gas; draw vacuum. 

• P1a.ee (tie assernbly in furnace - heat up to 950 F (Figure 7-l6) 

• Move die assembly by mechanical means to adjoining press for progressive 
step by step diffusion bonding cycle and into an ad j ardent staging 
cooling furnace (Figure 7-l6) 

• Cool in furnace to R.T. (Figure 7-t6) 

• Remove stainless steel vacuum bag 

• Remove spar from tools 

• Check for contour warpage 

(ii) Heat expanding rubber oven curing method - Boren polyimide reinforced spar 
, (Figure 7-17 and Figure 7-18). 

• Boron/pl reinforcements prepreg - lay up to spar cap contour in tool 

• Mol d heat expanding rubber (silasticr ) to prescribed shapes in aluminur 

molds " ' ' ^7” ' ’ ' ' 

• Clean titanium spar cap (chem-etch) 

• Place PI adhesive film on spar cap flanges. 

• Place boron/PI laminate on spar cap 

• Place in heat expanding rubber shapes - caul plates - pressure pads 

• Assembly clamp plates • Remove all tooling 

• Place assembly in oven • Post cure spar caps 600 F; 4 to 6 hours 

• Heat up to 350 F - cure 2 hours 
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lower die block 

(STEEL/INCONEU 


^UNIDIRECTIONAL 

boron/aluminum ( 6061 ) 

REINFORCEMENTS 


Figure 7-15. Eoron-AluTriinura Reinforced Truss Spar Caps 

Bond Method 


Diffusion 
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Furnace 

5000 psi 

Furnace 

Furnace 

950 F 

Heated 

900F ■ 

Cooling 


Platen 


900F - P 


Press 




950F 




Figure 7-16. Facility Set-up Diagram 




Cl AMP PI ATFS (ALUMINUM) 


, RFMOVABLE PLASTIC FILLER 
/ BLOCKS (6 INCH LENGTHS] 



HEAT EXPANDING 
RUBBER PADS 

LOCATING 
PRESSURE PADS 
(STEEL' 


y>HEAT EXPANDING 
' RUBBER PADS 


^ ' RF«;iN FIl M - HH — 


' RESIN FILM 
(BONO LINE] 


CAUL PLATE (ALUMINUM) 

LOCATING SPACER (STEEL) f 


UNIDIRECTIONAL 

BOftON^I REINFORCEMENTS > 



Fig’ure 7-17. Boron- Polyimide Reinforced Spar-Heat Expanding 
Rubter Oven Curing Method 


CLAMP PLATES 
(AtUMINUMK 



UNIDIRECTIONAL 

boron/pi 

reinforcements 




RESIN FILM 
(BONDLINE)' 



il 






> 

\ 



SPAR CAP 
(TITANIUM) 


> PRESSURE PADS 
(ALUMINUM) 



* heat expanding 
rubber pads 


Figure 7-18* Boron- Polyimide Reinforced Spare- He at Expanding 
Rubber Oven Curing Method 
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pote:jttal mjuiltfacturing problems 


The critical problems identified, in the fabrication technology discipline ai’e .ioining, 
forming, sealing and related fabrication equipment requirements . These teohriology 
disciplines were further affected by the material constraints. Some industry research 
and deTelopment programs ha\re beer initiated Jn these technologies, however, tne 
specific application of the technologies to toe Mach 2.7 arrov-ving design configura- 
tions pji’esented many new problems to be resolved, 

Tables Y-9 through 7-13 summarize the manufacturing technology problem areas identi fied 
for the beaded skin and monocoque surface panel designs. The technology problem areas 
were defined in a format describing the structural component design, critical manu- 
facturing parameters, development progrv^jns required, potential problem areas and 
related technical comments, — 


Specific technology problem areas s^ummarized on the tables are outlined in more 
detail below: 


1, Chordwise Stiffened Wing Design - Convex Beaded Surface Panels 


t 




Panel size: 15 feet by 35 feet 

Material: Titanium alloy Ti-6Al-dV annealed and Beta alloy 

Welding thin gage sheet (,010-, 030 in,) - equipment - tooling - welding 

schedules 

Vacuum forming (iii50 F) - beaded panels - tooling - temperature zone 
control techniques. 

Continuous roll forming (cold - 1450 F) - beaded inner skin shapes - 
35 ft, lengths 

W’eld bonding - capillary flow - P,I, resin systems - application 


techniques. 

Weld bonding - surface treatments - spot welds - P.I, resins, 

- ■ ■ ■ 

Riveting - weld bond panels to substructure - rivet materials - methods. 

Tsothemal brazing - beaded panels - spar cap clips - brazing alloy - 




selections. 


F.B. welding spar - mating wing assembly - equipment - weld schedules, 
W-eld brazing - capillary flew - brazing alloy selection - tooling 
techniques - process meihods 

Tank sealing - faying surfaces - interstices between structural members ~ 
corner ceps - overlapping surfaces - coating fasteners. 


P. Fa-elage Design - Hat Stiffened okin/3tringer Shell 


• Panel size; 15 feet hy 50 feet 

• Material: Titani‘im alloy ?i-6Al-Uv annealed and Beta alloy 

• V7eld bond assemblies - ouring ovens - tcrnpcrat’jre zone control - ?•!, resins, 

• Rivet Bond - longitudinal plus circimferential final assembly sj)lices - 
localized curing equipment - temperature zone controls - curing schedules- 
?.I, resins 

• Welding - longitudinal plus cirC'Umfcrcntial final assembly splices ~ 
equipment design -* weld schedules - NDT . 

• Tapered sect" on stringer - rolling equipment uniform thickness control - 
spring back — repeatability — Betoi alloys — 5D ft* xengtns# 

3. Monocoque V/ing Design - Hor;oycomh Sandwich Surface Panels 

• Panel size: 68 inch by h2 feet 

• Material: Titanium alloy Ti-bAl-UY annealed and Beta alloy, 

• Brazing facilities - tooling - uniform heat up and cooling rates - 
war page and shrinkage - compound contours - NDI methods. 

• Doublers - fail-safe straps - faying surface porosity - surface concepts 
(holes, grooves, shim strips, etr.,) - sur-fne-e area size limits - NDI. 

• Brazing stopoff - prevent vertical core cell wall braze flow - reduce 
conductivity - reduce weight. 

• Repair methods - materials - process application techniques - equipment. 

The key parameter in these selected problem areas were the size effect of the s tructui'’aj. 
components upon the fabrication technologies and facility requirements. The state- 
of-the-art process methods, tooling concepts and related equipment would need to be 
scaled-up to produce on a production basis repeatable quality large unit hardware 
components. 

The information developed above and in Tables 7“9 bhrough 7“13 does provide sufficient 
data to serve as a basis for the planning of RScD programs for the development of 
a viable supersonic cruise aircraft. 
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‘HAULS T-9. POTENTIAL MANUFACTURING PRORLEMS-WIWG SURp-'ACE FANI]L CON(JE]>T- 

CONVFX BEADED SKINS 
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TABLE T-9. POTENTIAL MANUFACTURING PROBLEMS-WIKG SURFACE PANEL CONCEPT- 
CONVEX BEADED SKINS ( CONTINUED ) 
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TABLE: T-10. 'E0TE:S'TIAL MANUFACTURING PHUBLEMS-WiNG SURFACE PAWEl- COKCEPT- 

HONEYCOMB SANDWICH SIZDIS 
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TABT.E 7-10. POTENTIAL MANUFACTURING PR03LEMS-WING SURFACE PANEL CONCF 
HONEYCOMB SANDWICH .SKINS ( CONTINUED ) 
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TABLE T-11. POTENTIAL MNUFACTURING PROBLEMS-JUINIKG STRUCTURAL ASSEMBLIES 
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'ABLE 7~I2. POTENTIAL. I'^NUFACTURINO PPOBT.KMo-TANK oEALIN j 
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TABLE T-13. POTEA'TIAT, MAmiPAnTl.JFIING PR0BLEM3-FUSELAGE SHELL CONCEPT- 

SK1N/STRIN075E PAMELS 
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SECTION 6 


BASIC DESIGN PARAMETERS 
INTRODUCTION 

The basic design parameters established for each structural arrangement and concept 
are presented in this section. These parameters specify realistic fabrication limits 
and constraints considering the available state-of-the-art of manufacturing titanium 
hardware for the near-term start-of-design supersonic cruise aircraft. 

The parameters were defined after numerous consultations with vendors and other 
contractors (Table 8-l), extensive literature surveys and fabrication experience, 
and close collaboration between design, producibil ity , materials and structure 
spiecialists. Titanium mill product producers defined material sheet sizes that 
would be available, Eabri cation equipment supplier data and transportation 
limits defined the maxim^jin panel size that could be successfully manufactured. 

Foreign object damage (FOD) considerations defined skin gage thickness limits for 
the exposed surfaces of the wing. 


TABLE 8-1. VENDOR CONTACTS HADE FOR ARROW WING STRUCTURES STUDY 


Vendor 

Subject Discussed 

Aeronca Mfg. 

Aliiminum Brazed Honeycomb Sandwich 

Rohr Aircraft 

Liquid Interface Diffusion (LID) 
Diffusion Braze Process 

Northrop Aircraft 

Nor-Ti-Bond Diffusion Braze Process 

TRW Systems 

Weld Bond 

Advanced Structures and Technology^ Co. 

STRESSKIN 

Sciaky Brothers, Inc. 

Welding 

Avco 

Metal Matrix Composites 

Holosonics 

NDT Inspection Methods 
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The application of these data to the concept design and analysis effort ensured 
consistency between the structural arrangement g defined for the various design 
approaches and the analytical results reported in Section 12, Structural Concept 
Analysis. 


FABRICATION LIMITS 

Fabrication limits and design constraints for the chordwise stiffened wing design 
are defined in the following paragraphs for various locations of the wing aft box 
structure depicted on Figure 8-1. These structural details are applicable to the 
entire wing planform with the mechanical attachment and shear web details applicable 
to all three design approaches. 


Chordwise Stiffened W'i ng Design 

Surface Panel Concepts. — The chordwise stiffened wing design utilizes surface panej.s 
which have stiffening elements oriented in the chord direction. Structurally 
efficient beaded skin designs as shown in Figure 8-2 arc employed. The shallow 
depressions or protrusions of the outer skin provide smooth displacements under 
therrrally induced strains and operational loads. Panel spanwise thermal stresses 
are minimized by allowing thermal deformations in the spanwise direction. 

Figure 8-2 presents the fabrication limits for the surface panel concerts. The 
shallow protrusions or depressions of the outer skin permit cold preforming of large 
panel sizes followed by vacu'jm hot forming at 1U5OF. For the inner skin, the use 
of Ti-6Al-lV requires hot forming of a three bead width to avoid excessive thinning, 
The end closures are then welded to the corrugated panel followed by vacuum hot form- 
ing of the full width panel. The use of Beta alloy permits cold forming three bead 
width, however, solution treating and aging of HOOF is required after a hot-forming 
operation. Weld bonding is considered as the principle method of attaching the 
inner skin to the outer skin, as indicated on the figure. 

Intermediate Spar and Skin Attachment . - The wing bending and shear leads for the 
chordwise stiffened wing design are transmitted by submerged spar caps and truss 
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'igure 8-1. Structural Details - Chordwise Stiffened Wing Design 
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Figure 8-2. Fabrication Liir.its - Chordvise Stiffened Surface Panel Concepts 







webs as shown in Figure 8-3* Fhe structure is fabricated welding (E.B. and 
(T.I.G.) of machined extrusions, forgings and tubes of Ti-6A1-4V annealed or Beta 
alloy. The various parameters used for design of these spars and the integral skin 
attachment clips are identified on the figure. 

Intermediate Rib and Attacnmen'O . - Widely spaced ribs of both tee-section and 

I-section cajos are used in conjunction with the surface panels to transmit the 
chordwise wing loads. The rib assemblies shown in Figure 8-^ are fabricated by 
welding of machined extrusions, forgings and tubes of titanium alloy/ The various 
design par:imeters arc shown on the figure, including specific ccnstrairjts for 
attaching the surface panels to the rib structure. 

Intermediate Spar and Rib Intersection . - Figure 8-5 presents the basic and alternate 
design for the submerged spar cap and rib cap intersection. Both designs Incorpor- 
ate an intersection fitting welded (integral) to the spar cap and truss web. The 
rib trusses are mechanically fastened to the intersection fitting as shown, The 
alternate design indicates the local modifi cations essential to accormodate the 
I-section rib cap, 

Tank Rib and Closure Intersection . - At all fuel tank closures (rib and spar 
direction), circular— arc (sine wave) corrugated webs are used, An intersection 
fitting machined from Ti-6Al-4v or Beta alloy forging is E,B. welded to the spar 
cap and T.I.G. welded to the spar web as shown in Figure 8-6. The chordwise conti- 
nuity is pi'ovided by mechanical attachments through the rib cap and the intersection 
fitting using Hi-Tigue fasteners. 

Surface Pa nel End Closures . — Although large panel sizes are postulated, the practi- 
cal limits defined in Figure 8-2 necessitates the use of end closures to provide 
chordwise continuity of the structure. Figure 8-7 shows the minimum limits for the 
end closure design. Although the final design will require experimental validation, 
local thickening of the panel at the attachments is provided by a tapered finger 
doubler that is weld bonded to, tjif skin. The local thickening permits the fastener 
shear force to act on the panel neutral axis and to avoid local instability between 
and beyond the ends of the beads. 
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Figure 8-3, Fatrication Limits - Intermediate Spar and Skin Attaclriment 

Chordvise StilTened Wing Design 



















Figure 8-5. Fabrication Limits - Intermediate Spar and Rib Intersect io 

Chordwise Stiffened Wing Design 















Figure 8-T- Fabrication Limits - Surface Panel End Closures 
Chordwise Stiffened Wing Design 
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Surface Panel Mechanical Attachnents . - A fastener study was made to select the types 
of fastener that could be used tc attach the wing surface panels to the substructure. 
Figure 3-8 presents the flush and protruding head fasteners selected with iow pro- 
fPXe head configurations. In addition, minimum fastener Installation clearances 
Shown in Figure 8-9 were established. As shown, blind fasteners require the minimum 
space for installation. The space requirement for Hi-Tigue fasteners is oased on 
the use of a special tool. 


Blind - Jo-bolts, V-bolts, ana Huc.k-bolts (A286, Ti-6Al-hV materials) are 
candidate blind fasteners. Blind bolts are net considered as good as a 
or bolt type fastener for structural applications because of the reduced clamp- 
ing action and tension allowables. However, they do provide the minimi.ur ir- 
stallaLion clearance requirement and may be required In critical internal clear 
ance areas of the wing structure. The use of blind fasteners are avoided in 
t.ank areas . 


Rivets - CP Titanium, A286, Monel, and Cheri-ybucks (Ti-6A1-4V) are potential 
candidates. Rivets do require the maximum installation space since the 
materials are difficult to upset and require heavy bucking bars. Cracking the 
weld bond resin is a concern and will require experimental evaluation to deter 
nine if degradation of the polyimide resin occurs during the riveting 
operation . 



1.3 MIN. FOR RIVETS 

1.0 MIN. -FOR HI-TIGUE 

0.5 MIN. - BLIND FASTENERS 


Figure 8-9. 


Installation Space Requirements for Various Fasteners 



Hi-Tigue - A286 , Ti-6A1-^Y (STA) are the most acceptable fastener for skin to 
substructure attachment. The installation clearance vas established by the use 
of a special installation, tool developed by tl'ie Hi -Shear Corporation. A 
special tool (No. HLAlOlt) slides in bctveen the spar base and the underside of 
the spar clip to torque the Hi-Tigue nut. All studs are driven with an inter- 
ference fit’ to prevent the st\jd from turning during the nut torquing process. 

Rib and Spar Webs . At fuel tank closures or in dry bays where the wing box depth 
pz’ecludes the use of truss webs, circular -arc (sine wave) corrugated webs are used. 
Cold forming of corrugations is accomplished tc a 2kt radius as shown in Figure 8-10. 
The thickness relationship between the closure plate and the corrugated web is 4 
to 1. 

An alternate approach to the closed web design is also shown on the figure. Both the 
integrally stiffened and sheet stiffened design are presented with their applicable 
design parameters. 


Spanvise Stiffened Wing Design 

Surface Panel Concepts. - The spanvise stiffened wing design utilizes surface panels 
which have stiffening elements oriented in the span direction. Figure 6-11 presents 
the fabrication limits and constraints for the panel configurations considered. 

Smooth skins are required for aerodynamic performance, thus the skin panels must 
accoirunodate the ehordwise thermal strains without buckling. For the zee-stiffened 
and the hat-stiffened designs, weld bonding is considered as the primary method of 
attaching the stiffeners to the skin. For the integrally stiffened designs, the parts 
are shot peened subsequent to the chemical milling operation. A fatigue quality 
index of h is assumed for establishing design allowables. 

Intermediate Rib and Spar Intersection . - The wing bending and shear loads for the 
spanvise stiffened wing design are transmitted by the surface panels and spars, 

Figure 8-12 presents the fabrication limits for a typical welded spar assembly con- 
sisting of the spar cap and truss structure. Submerged rib caps are employed and 
provide stability to the surface panels. Continuity of the rib structure is provided” 
by the forged intersection fitting and its attachment to the rib cap as indicated on 
the figure. 
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Figure 8-10, Fabrication Limits - Rib and Spar V/eb 
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Figure 8-11, Fabrication Limits - Spanwise Stiffened Surface Panel Concepts 
































Figure 6-12. Fabrication Limits - Intermediate F?ib and Spar Intersection 

Spanwise Stiffened Wing Design 






Intermediate Rilp and Skin Attachment . - 'The submerged rib cap design with and vithou 
the integral clips for surface panel attachment are shovn in Figure 8-13. For botr* 
design approaches, the intersection fitting of the truss structure is mechanically 
fastened to the rib cap. The minimurn design parameters are specified vi tVi the 
maximiuTi dictated by tne loading requirements. 

Monocoque Wing Design 

Surface Panel Concepts . - The monocoque wing design consis”ts of bi axially stiffened 
surface panels which support inplane loads both in the span and chord direction. 

The monocoque construction has a smooth skins that results in minimum aerodynamic 
drag. 

The biaxially stiffened panels for which design parameters were established are 
shown in Figure S-lk and incuide the brazed honeycomb sandwich, the diffusion bonded 
Stresskin sandwich and the corrugated sandwich. The various constraints imposed to 
the Stresskin and corrugated sandwich designs Identifips the brazed honeycomb sand- 
wich panel as the candidate monocoque design. 

Inserts and Closures . - Figures 8”15 and 8-l6 presents the design parameters for the 
inserts and closures for the surface panels discussed above. The term ^’inserts” 
refers to hard points for intermediate support; ’'closures’’ refer to the panel end 
support as dictated by panel size constraints of Figure 8-ll . The lack of shear 
continuity is noted for both the Stresskin and corrugated sandwich designs. 
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Figure 8-13 • Fabrication Limits - Intermediate Rib and Skin Attacirr.ent 

Spanwise Stiffened Wing Design 
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Figure 8~1'4 , Fa-bricdiion Lijuit-s — Monocoqu6 SurTace Panel Concept-s 
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Fi^ui'G 8“3,5 ■ FEDT'icfl't 1 on Liinit/S ~ lnsGr"ta nnd Closiii'Gs 

Monocoque V/ing Design 




Figure 8-l6. Fabrication Limits - Inserts and Closures 

Monocoque Wing Design 
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STHUCTUHAL ANALYSIS MODELS 


INTRODUCTION 

A series of finite element structural analysis models were used for the evaluation 
of structural design concepts for the arrov-wing supersonic cruise aircraft. 

These models were coded in NASTRAM, and Lockheed-Cal i fornia Company's NASTRAjJ- 
FA.MAS structural analysis system was used to provide internal loads and displace- 
meets for stress analyses, to calculate structural deflection influence ccefficients 
for aeroelastic load analyses, and to determine reduced stiffness and mass matrices, 
and compute vibration modes for flutter analyses. 

The finite element structural models used for’ the structural study effort are 
summarized on the flow schematic in Figure 9-1 • The models were character 1 zed by 
the applicable wing primary load-carryi ng structural arrangements described in 
Section 1, Structural Design Concepts. Three general types of structure and a 
combination thereof were evaluated: 

(1) Scmimonocoq^ue, Chordwise - luni axially stiffened surface panels 
with the stiffeners oriented to support chordvise loads. 

(2) Semlmonocoque , Spanwise - uniaxially stiffened surface nanels v,fth 
the stiffeners oriented to support spanwise loads 

(3) Monocoque - Eiaxially stiffened surface panels which sunnort both 
epanvise and chordwise loads. 

(4) ilybrfd - wing surfaces which utilize a combination of semim.onocoque 
and monocoque structural concepts. 

Simplified two-dimensional (2-D) models were used for the initial studies for rapid, 
cost effective evaluation studies of the effects of the primary ving loads. For 
detail structural design and verification of the final design conf iguration a three- 
dimensional (3-D) model was formulated. 
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Figure 9-1. Structural Model Usage 
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Finite Element Structural Model, 2-D IIASTRAII 
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The I'oiiowing paragraphs describe the basic moclciing techniques and their 
app] i cahi on to the Task I and Task II analyses, she mo iel input data, and the 
results of the analysis. " 


MODELINT TECHNIQUE 


Two different modeiing techniques were used in the finite element structura] 
models, they were: 

t A samplified pseudo 3-D model vms formulated to evaluate the effects of 
primary wing loads, i.e. , out-of-plane (Ft, Mx , My) loads. This modeling 
technique, hereafter referred to as the 2-0 model, represents a wing that 
is s;y7ninetri cal about an X-Y midplane with a beam representation of the 
fuselage to proviide fuselage interface effects on the wing struct ar^^. 
Applications of the 2-D modeling technique included the three Task I 
structural arrrangcTncnt models and the Task IIA conf igurat, i on I'efinenient 
investigation model. 

• A detailed 3-D model was foririulated in Task TIB for the structural design 
and verification of the final design corf igura lion . This model incor;:)Orates 
a full wing model with camber and twisL, with the capability to transmit 
inplanc ( Px , Py, Mz ) as well as out-of-flanc (Ps, Mx, My) loads, and a 
fuselage shell model comj'Osed of skin, stringers and frames. 

The size parameters for these models (2-D and 3-D) are comnared below: 

MODEL GPID POINTS 

2- D 530 

3- D 715 

2-D St.ructural Model 

A total of four structural models were developed employing the two-dimensional 
modeling technique; these were: the three structural models used for the Analytical 

Design Studies of Task T and the Task IIA configuration refinement investigat i on model, 

A representative description of the modeling technique used on the 2-D models is 
sriov/n in Figure This model represents the actual wing upper surface planform 

with a simplified wing cross-section and the fuselage is idealized as a simple beam. 

For Uie wing, a horizontal mldplare (X-Y plane) of structural s^nnmetry is assumed, 
which permits the size of the model to be substantially smaller since only the upper 


FT.FMENTS D.O.F. 

1300 1050 

2I45O 2200 
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half of the ving needs to be specified in the model. The ving crocG-section oi the 
model is sytiimetrical about the X-Y plane, the Z coordinates (measured from the X-Y 
plane) defining the upper ving surface are equal to one hall nhc total ving depth 
and the model section properties are equal to the average stiffness of the vine 
upper and lover surfaces. 

The ving itiidplane af symmetry is constrained to prevent all inplane (X, i , ®z) 
displacKnents. Therefore the 2-D models are used primarily for analysis oi 
the primary wing loads; vertical shear force (Pa), ving tending (Kj.) and ving 
torsion (My), and their corresponding displacements. 


The model network is Identical for all ?-D structural models with the exception of 
TZA model which incorvHtratcd a fuselage forebocy and ving tin retisioii foi 
the configuration change investigation. Each model is unique in terms of the sec- 
tion property sicirig and the elements used to represent the wing iiriTtiary lOad ly- 
ing structure. For the semimonocoque arrange.ment.s the wing su:-faces were modeled 
using iJASTriiAK rod and shear-panel elements. Wing surface representation for the 
monocoque arrangement was made using NASTRAN rod a;id quadrilateral membrane elements. 

The wing vertical fin model consists of a tvfo-d imensional (X-Z pilane) grid of 
HAkTRAN bar and shear panel clexento representing the equivaleni, iiendin.s and torsion 
stiffness of the fin. Fin loads are introduced into the wing by means of hASTRAd 
Tulti point constraint (MFC) equations which are applied at the interface of the 
fin with the wing box. 


The engine support rails are represented in the model by KASTFAN bar elements with 
the capability to transmit axial, torsional, vertical and lateral bending loads 
from the engines into the wing box. The rails are located at the constrained wing 
icicplanc and are connected by MFC equations no the X-Y rigid tody motions ot the 
wing t"or the vibration analyses. 


The 2-D models represent the fuselage as a simple beam and use NASTRAN bar eJemenis 
witZi torsional, vertical and lateral bending stiffness. The fuselage beam is 
connected to the ving model by MFC equations and scalar springs (NASTRAN lELAS 
elements) representing an ap>proximation of the fuselage frame flexibility. 

A network of unit leads is applied to the model grid points and is used tc caieu- 
late structural defl<>ction influence coefficients (S.I.C.). In addition, tl.is 
network is used as the load points to introduce design loads into the model struc- 
ture. For the 2-D models, the SIC point loads are concentrated unit loads applied 
to the model grid points as summarized below: 
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~ ^^ 7 . unit loads are applied to all surface grid points except the intermediate 

control Surface spar and wing tip secondary and If, unit leads arc applied 

%/ 

at the leading edge spar and ving main rib : ntorsect ions . 


Wing vertical fin 


un: 


Fnglnes - 

0 ,’ 

p 


y 


engine . 



f’useiagc - 

" p 

and 

Main landing 

gear 

i a n d j n g gea. ) * 

load 

equa t ions . 



Hose landi 


<tr 


it ^oaas are applied at all grid points. 


points . 


puint represent mig the nose landing gear location. 

The effect of tempera'^ure differences Detveen the upper and lov:er ving surfaces 
or. wing bending v-as investigated for two typical design conditions, s tart-of-cruise 
and niii-cruise. Temperature loads were aoplicd to the wing, vertical fin, engine 
.rails a.nc fuselage using TJASThAM ' s ThMP and T.iMPRB temperature inryuts. T)ie wing 
emperatures specified in the model irijiuts reriresenL the anti synn'-etric temperature 
component, i.e., the temperature dil'i'erence between the upper and lower surfaces, 
ihus the tnermai load analysis on the 2-D models is consistent witn the 1 imi tat ions 
of r,he wing X-Y midplane boundary condition which requires that applied loads on 
the wing upper surface are anti syminetr I c with respect to the lovrer surface, 

V 3-D Structural Model 

For the Task HE analyses, a more detailed, three-dimensional (3-D) model was used, 
An isometric view of lA\ I s_ mocel is shown in Figure 9-3. 

The inner and outer wing plan form grid for the 3-D structural model arc shown in 
figures 9-*-' and 9-5, and include the UASTRAN grid point and panel i dentif Icat ion 
nunbers. in addition, Figui’e 9-^ contains the model identification for both the 
inboard and outboard engine rails. 

The wing planform grid in the 3-D model is identical to the 2-D model grid used in 
..as.^ IIA; however , for the 3-D model both upper and lower wing surfaces are 
representec, including camber and twist of the actual airfoil. Flexible control 



9-5 



f 



I 

I 


i 
























t>R [CEDING PAGE BLANK NOT 








w 



surface actuat3rs are represented using rJASTRAN CELAS elcnients and M~C equations. 

Tne elimination of the X-Y wing Tniclplane of sti'ucoural synniet'ry fand lo.vid 

anti symmetry) used on the 2-D models required a reaefinition of the location for 

the ving Interfaces vi th the vertical fin, main larding gear and engines. 

The o-E nrodel tuselage is idealised using 25 frame stations with apprroxirna tel y 
10 nodes describing the fuselage half-c ircumfererce . NASTRAX bar elements are used 
to represent fuselage frames with rod elements and quadrilateral shear panels used 
to represent the fur^elage shell. A typical frame model drawing, FS iqSt, is shown 
in Figui'e 9-6 and includes the grid point and element ident I ficatior . In addition, 
tine wvng interface witdi the frame is Indicated by dashed lines. 

A network of unit loads, as described for the 2-D models, was used on tY\e 3-D 
models to calculate SICTs and to introduce design loads into the model structure, 
tuiective unit load locations are in genei^al identical to those used for the 2—1) 
monels. rjxcepticns are unit loads for the main landing gear and wing engines where 
a refined location was required on the more deta.iled 3-D models. 

The unit loads applied to the 3-D model fuselage differ from those used on the 2-D "7 

rrodels in their application as distributed loads at each frame station. The 1 

corresponding structural influence coeff Ic ieiits on tdie 3-D fuselage model represent 
an average deflection of the frame node points to which the unit load was distributed^ 

DFjijjg 

For the 3-D model the temperature distributions were applied to the structural model 
at both upper and lower wing surfaces, the vertical fin and fuselage. Actual 
temperatures (instead of the temperature differences used on the 2-D ncdel) wore 
inpiJt using WAgTRAN TEMP and TEMF'RB specifications. ' " 


STRUCTURAL MODELS) - TASK 1 . 

The three structural models used for Task I analytical studies employed the 2-D 
modeling technique, and represented each of the three general types of wing load 
carrying structure: 

• Chordwisp stiffened wing surfaces 

• Spanw^ise stiffened wing surfaces 

• Monocoque (biaxially stiffened) wing surfaces. 
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Figure S 




)- 6 . Fuselage Frame (FS2565), Task IIB Structura_ Model ( 3 -F) 


WING CANDIDATES 


MONOCOQUE 

CHOROWISE 


SEMIMONOCOQUE 
-SFANWISE 


CHO«OWISf 


SEMIMONOCOQUE 
-CHORDWISE 




CHORDWISE 



MONOCOQUE 
(BIAXIALLV STIFFENED) 

HONFYCOMR SANDWICH 


TRUSS CORE 


^nr 

Tnr 

Trrr 


SPANWISE STIFFENED 
7EE STIFFENED 

INTEGRAL ZEE 

HAT SECTION STIFFENED 

INTEGRALLY STIFFENED 


CHORDWISE STIFFENED 
CIRCULAR ARC - CONVEX BEADED 

CIRCULAR ARC - CONCAVE BEADED 


" u r w CORRUGATION - CONCAVE BEADED 
HAT STIFFENED CONCAVE BEADED 



Figure 9 -T. Wing Surface Panel Candidates 
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Tne xodel networK ic identical for all the structural arrang^ciients ; liowever, 
the model is unique for ea'd': u'f i/nr three arrangxenls in terms of the section 
property sizing and the elements used to represeni. the surfaces. Fru' tdie snan- 
wise and chordvire stiffened arrangements the wing surfaces wore modeled using 
NASTRAN red and shear panel e_ements. V7ing surface representation for the 
monocoque arrangement was made using WASTKAiJ rod o.nd cuadri lateral membrane 
elements ► 

The finite clem--nt input data i nr udec defining the structure flexibilities and the 
load/temp-erature envi’coriTrien t. . This required: 

(1) Representing the; structural arrangement under consideration by the 
correspond ing idealized bending, exlcnsiona] , and shear flexibilities, 

(2) Identifying the c^ritical ”hct’' conditions from the structural temperature 
6.naly.sis ol‘ lection 6, and inputing the effective temperatures for cal- 
culations of the thermal stresses. 

(3) Defining the external loads (aeroelastic ; for the critical flight and 
landing conditions and inputing these loads for the MASTRAM deflection 
and intei'nal loads analysis. 

These data are described in the following sections under the headings of Structural 
Arrangement, Model Flexibilities, Temperature T:iput. , a.ru.l External Leads Input, 

Structural Arrangemeiit - Task I 

A representative wing panel concept was selected from each general type of wing 
structure M.e., spanwtse, chordwise, ana monocoque). Figure 9-7 contains the 
candidate wing concepts considered in Task I; these concepts selected for input 
into the models were: 

• Chordw'ise - hat-stiffened concave-beaded skin panel 

• Spanvise - hat-section stiffened panel 

• Monocoque - honeycomb sandwich panel. 

As the representative fuselage concept the Zee-st,i-''fened panel design was selected 
for all Task I models. Selection of this concept and its associated stiffness 
I ^.^9 lyS d, were based on the results of prior ir'ivestigations conducted on the 
M 2.7 Fixed Wing 33T by the Lockheed and Boeing Coinpanies, references 1 and 2. 
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A let ail deGcript icn oV Ihe viixg ana fuselage primary structural -mater ial 
arrajigoment , surface panels and substructure. Incorporated 'nto tlie Task I 
is. contained in Figure 0-8. 


models 


Model Flexibilities - Task I 

The ben ling, extenslonal, and shear stiffness corresponding to each of the tnree 
Task I structural arrangeinents were Input into their respective models. 

As pi’eviously stated , the chordwise and spanvise models utilized axia^ and shear 

panel elGmcnls for representing the wing surface panels. T!:ie equivalent flat nlate 

cxtonsional (t and t ) and shear ) thicknesses were calculated for each wing 

X y xy 

panel concept and itxput Into the appropriate model element; e.g., for trie spanvise 
and chcrawiso .surface panels, the equivalent extensional stiffnesses attributed to 
the surface panels are simulated in tine ncdel rod elements by the product of the 
extensional thicunesses times the effective widtiis. 

As an indicator cf the cho^'‘dwise model wing stiffness, the calculated extensional 
and shear thicknesses are shown In Table 9-1. For this arrangement (chordwise) the 
equivalent extensional thickness in the x-direction (t^ ) reflects the panel and ri o 
cap areas, and t^ is the equivalent extc-nsional thickness of the spars. The rib and 
spar spacing arc also indicated for each of the point design regions. The corre- 

spo/iding excensionaj. and shear tnicknesses for the spanwise arrangement are shovrn 
in Table 9-2 and reflect the hat-section stiffened panel concept. For this arrange- 
ment, the extensional bhicxriesses in the x- and y-dircctions reflect the rib caps, 

and panel and spar caps, respectively. The monocoque model uses the riASTRAri quad- 

rilateral rr.eTT.brane element (PQDMEM) for defining the section properties of the wing 
surface panels and axial elements (CONKODSj for the spar and rib caps. The honey-, 

comb sandwich panel concept is utilized for the monocoque structural model. For 

this concept the wing surface extensional and shear thicknesses are equal and this 
thickness is specified directly for the membrane elements. The monocoque wing 
surface extensional and shear thicknesses are shown in Table 9-3; for comparison 
with the spanvise and chordwise concept extensional thicknesses (t and t J, the 

^ y 

actual rib and spar caps have been converted to an equii/alent panel thickness 
(i.e., area divided by effective width) and are included in the thicknesses given 
in Table 9*-3. 
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Figure 9-8. Summary of Structural Arrangements 



TABLE 9-i, \m\Cr PALEL EQUIVALENT EXTEKSTODAL AITE SHEAP 
THICKNESSES, TASK I CHORDTALSE MODEL 



NOTES: 

(1) thicknesses represent average value of wing upper and lower surfaces 

(2) includes thicknesses of caps and/or panels where applicable. 


TABLE 9-2. WING PAI'lEL 
THICKNESSES, 


EQUIVALENT EXTEN SIGNAL /\ND SHEAR 
TASK I SPAITV/ISE MODEL 


ARRANGEMENT/CONCEPT 


• SPANWISE Sa 



•CONCEPT 

HAT SECTION STIFFENED 


POINT 

location 

SPACING (IN) 

EXTENSIONAL AND (1H2) 
SHEAR THICKNESS (IN.) _ 

DESIGN 

REGION 

SPAR 

RIB 

tx 


^XY 


40322 

FORWARD 

WING 

BOX 

50 0 

30,0 

.014 

.065 

.028 

40236 

AFT 

50.0 

30.0 

.016 

.169 

.078 

40536 1 

WING 

BOX 

50.0 

30.0 

.018 

.181 

084 

41036 


500 

30.0 

.022 

.135 

.062 

41316 

WING 

476 

30.0 

.012 

181 

.083 

41348 

TIP 

334 

30.0 

Oil 

,125 

.052 


NOTES 


(1] THICKNESSES REPRESENT AVERAGE VALUE OF WING UPPER AND LOWER SURFACES. 

(2) INCLUDES THICKNESSES OF CAPS AND/OR PANEL WHERE APPLICABLE 




TABTE 9-3. VIIHG PM3L 3QUIVALEUT EXTENGIONAL AITD GIEAIi 
TETCKNESGEB, TASK I HTIOCOQUR MODET, 



NOTIES; 

(1) THICKNESSES REPRESENT AVERAGE VALUE OF WING UPPER AND LOWER SURFACES. 
(?) NCLUDES THICKNESSES OF CAPS AND/OR PANELS WHERE APPL ICABLE 


TABLE 9-ii. FUSELAGE SECTION PROPER^TFS, TASK T MODELS 


FUSELAGE 

STATION 

NASTBAN 

ELEMENT 

ID. 

SECTION PROPERTIES 

FUSELAGE 

STATION 

W AST RAN 
ELEMENT 
ID. 

SECTION PROPERTIES 



J X 10-3 
(IN.4) 


h X 10 3 
HN.4) 


200 

7 

0102 

HH 

MM 

21.9 

2045 

7 

3126 

125.0 

66.5 


400 


104 



31.2 

2145 


128 

133.0 




600 


106 

28.2 

32.0 

46.9 

2235 


130 

143.5 



121.0 

800 


108 

42.0 

48.5 

656 

2330 


132 

150.5 



123.5 

1000 


110 

62.5 

66.5 

86.0 

2405 


134 

147.5 



T25.0 



112 

84.5 



101.6 

2485 


136 

131.0 



125.0 

1382 


114 

99.0 



100.0 

2565 


138 

110.0 

66 

.5 

123.5 

1580 


116 

106 5 




2640 


140 


56.0 

117.2 

1680 


118 

111.0 



88.0 

2800 


143 


56.0 

96.9 

1772 


120 

114 5 



90.5 

3000 


145 

58.5 

46.8 

62.5 

1866 


122 

117.5 



96.5 

3200 


i 146 

29.5 

28.8 

32.9 

1955 

7 

0124 

120 5 

ee 

i.S 

105.0 

3360 

70147 

19.0 

16.2 

22.0 

2045 







3470 








SIGN CONVENTION; 


NOMENCLATURE: 



AREA MOMENT OF INERTIA 
ABOUT V AXIS. 

AREA MOMENT OF INERTIA 
ABOUT r-AXIS. 

POLAR MOMENT OF INERTIA 
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Ao previously ncte-i , all Tau'K I moods iioalize 
The uee'Ti L->'ur^r t.ies (oorsiona.l, and vertical and 
the mode'' were fcased cu the results contained in 
shown In Table 9--* 


he fuselage as a simple beam, 
lateral bending inertia} inuut into 
References 9-1 9--'^? and are 


Temperature Input - Task I 


The critical temperature conditions selected for input to the Task I structural 
models are shewn in Table 9-9 » hhe conditions selected were the start-uf— cruise 
and rud'^ruise cendiuions which represent the maximum positive temperature gradient 
(i.e,^ exposed surface hotter than ohe interior surface; and iTiaxinium temperature 
condit ions , respectively . 

Structural temperatureG were defined for each structural model; a display of the 
structural temr-e rate res are shown in Figure 9-9* These temperatures are used to 
calculate the thermal gradients through the wing which are specifiec in the 
structural models. The cerrespondi ng temperatures for the spanvise and monocoque 
models are contained in Section 6, Structural Temperatures. 


Externa] Load Input 


Task 


A summary of the load conditions used for analysis of the Task I structural model 
IS shown in Table 9-6. The flight parameters associated with these design condi- 
tions are defined in Section 5, Structural Design I.oads . 

The initial MASTRAN internal loadc run was conducted on the chordwise structural 
model and included a comprehensive investigation of ^7 load conditions. After 
reviewing the chordwise internal loads, the non-critical conditions were removed 
and an amended load matrix was used for the spanwise and monocoque structural models. 
A total of 28 load conditions were input to these models, see Table 9 - 6 , 

The chordwise load matrix included : 

• Twenty (20; ascent conditions covering the Mach 0.33, Mach 0.^0, 

Mach 0 . 90 , Mach 1.25, and Mach I .90 symmetric maneuver conditions; 

• Eight (8) cruise conditions encompacsing both cruise (Mach 2.T) and dive 
(Mach 2 . 9 ) speed conditions; 




9-18 



TABLE 9-5. SIM/ARY OF TEMPERATURE COIIDITIOKS, 
TASK I, TTA, AIJD IZB 


TASK/MODEL 

FLIGHT CONDITIONS 

START-OF 

CRUISE 

M2.7 

MIDCRUISE 

M2.7 

DESCENT 

M1.25 

TASK 1 (2 D MODEL) 




• CHORDWISE 

v/ 

V 

— 

• SPANWISE 

V 

V 

— 

• MONOCOQUE 

v/ 

\/ 

— 

TASK IIA (2 D MODEL) 




• CHORDWISE 

— 

— 

— 

TASK IIB {3D MODEL) 




• HYBRID (STRENGTH) 

v/ 

V 


• HYBRID (STRENGTH/STIFFNESS) 

V 

V 

V 




F 




TABI^ 9-6. 3UMT-1ARY OF LOAD CONDITIONS, TASK I, IIA AND IIB 


TASK/MODEL 

NUMBER/TYPE CONDITIONS 

SYMM. FLT. COND. 

GUST 

CONDS. 

ROLL 

CONDS. 

LANDING 

CONDS. 

ASCENT 

TO 

CRUISE 

CRUISE 

CONDS. 

DESCENT 

FROM 

CRUISE 

TASK 1 {2D MODEL) 







• CHORDWISE 

20 

8 

- 


16 

3 

• SPANWISE 

17 

8 

- 

- 


3 

• MONOCOQUE 

17 

8 

- 

- 

- 

3 

TASK IIA (2D MODEL) 







• CHORDWISE 

8 

- 


- 

- 

- 


TASK IIB(3 D MODEL) 





• HYBRID (STRENGTH) 

13 

4 

2 

- 



• HYBRID ^STRENGTH/STIFF.) 


13 


2 


2 
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Sixteen (16} asymn^eirio conditions which include both steady and 
acor-lerated roll conditions; and, 

Three (3) prel iminary tail-down landing conditions. 


The load conditions input to the spanv.ise and monococue models were identical to 
the chordwise model except for the removal of the non-critical negative one 
syimnetric maneuver conditions and the roll conditions. 


STRUCTUEAL 


MOhTL 


- TASK TTA 


In ss-ipport of the Task TTA Configuration Change Invest igat ion an additional 2-D 
structural model was established. This model was obtained by revising the coordi- 
nates of tne Task i Chordwise Model to reflect the airnlane conf igurat ion changes, 
i.e., shortened fuselage forebody and revised wingtip sweep angle. In addition, 
the mass distribution was adjusted to correspond to the new center of gravity travel 
diagram incorporated for this invest igation . An abbreviated design cycle was 
conducted using this 2-D structural model . The input data for this model is de- 
bed in the following secti{':>ns. 


Slr'Lif/tural Arrangement - Task IIA 


The structural arrangment i ncorp*orated into this structural model reflects the 
identical o.rrangcment used for the Task I Chordwise Model, i.e., chordwise 
stiffened wing surfaces with a conventional fuselage. Refer to Figure 9-8 
for a more detailed description. 


Model Flexibilities - Task IIA 


The element property data are identical to those used for the Task I chordwise 
models; therefore, the wing surface thicknesses and fuselage section properties 
showT] in Tables 9-1 and 9-^' are also appropriate for this mode: . 
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Tenperal.ure Input - Task I LA 

As indisatea in Table 9-5, nr: leiTiperat ure conditions were ccnsidered for the 
Task TIA internal load runs. 

External Loads Input - Task IIA 


New Aerr -dynaxiic Influence Coc t’l'icient s steady and unsteady, were 

calculated for the Mach 0.9 subsonic flight condition. This I’equired upda<,j.iig the 
AIC model to reflect the configuration -changes. The grid trari3f ::rms (AlC to SiL ) 
were revised and the net loads were calculated for the Mach 0.9 symmetric maneuver 
condition and formatted for NASTHAN input. This condition included four ^oad 


factors for each velocity (Vq 


arid V-O investigated. The load faoters used vor' 


positive i.O-g, a positive 'd. 5-g steady-state maneuver and a ?.5-g transient 
maneuver, and a negative 1.0-g flight attitude. 


STRUCTURAL MODEL - TASK I-B 


The stouiC’tural modeling effort associated vi the Task iIB Detail Engineering 
Studies was conducted ty exercising the design cycle twice; first, for a 
baseline strength design airplane and then performing an iteration on that design 
to incorperate the stiffness requirements dictated by the flutter op^imizatiun 
study. Each of these runs employed a 3-D structural model with the flexibilities 
associated with the cycle under consideration (i.e, , strength or strength/ 
stiffness design). 


Structural Arrangement - Task HE 

As a result of the screening effort conducted d^uring the Task I Analytical Design 
Studies, the most promising structural -material approach was selected for application 
to the Task IIB studies. This structural approach was a hybridisation of the chord- 
wise and Tnonocociue wing designs utilizing both metallic and composite materials. 

This hybrid arrangement consists of the following structural approaches: 

Fuselage-she.:i : Conventional skin/stringer/frame design utilizing 

Ti-6A1-^V (ann. ) material. 
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Wingi-forvard anc afl box: Metallic rirorovise s^iffened ving pane-ls 

( 2 onvox~beaded concept), 3 ubir*erged metallic spar caps vixh composite 
reinr-: rcemenl ' R/PT-Bcnded ) and app:'"C'priate s^abstr acture . 

• Wing t ip: Morocoque wing panels t6Al-^-4V titanium honeycomb sandwich 

ranex with aJ'uminum braoed core), metallic l6Al-i^Y) subs tr net.',; re with 
rtb/ 3 ]>Hr caps eml^edded in the basic panel. 

For* comj)a 2 ’ison 'with t'ne Task T and 1 lA arrangements a general description oi the 
_:; 3 k -IE hybrid arrangement is included in Figure 9-^- This i.ybrid arrangement 
Ls used for both the strength and strength.lstif fness designed models with only 
the flexibilities (element properties) altered to reflect Mie specific stage of 
the desigT'i. 

Model Flexibilities ^ Task IIB 

The flexibilities used for the strength designed hybrid model are shewn in Table 
'9-7 • The equivalent extensional and shear thicknesses for the appropriate vlng 
rib and spar spacing are presented for selective ving planfom locations. 

The corresponding data for the strength/stiffness designed hybrid model is con- 
tained in Table 9-3- For both designs, the extensiona] stiffness (L'A) of the 
composite reinforced spar caps was converted to an equivalent metallic stiffness 
an:i iricl'udecl in the ty values at the applicable pdnt design regions. The fuselage- 
shell extensional and shear thicknesses for the strength and sirength/st iffnes s 
designs w^i'e i nwai'ictn t and s. compi^ehensivs yisiing is displayed In Figure 9—10. 

The corresponding listing of wing thicknesses usee for the strength/stiffness 
hybrid model is shown in Figure 9-H* 

Temperature Input - Task IIB 

The thermal strains/stresses for three critical temperature conditions were investi- 
gated for the Task IIB effort. In addition to the maximum positive temperature 
gradient (Start-cf-Cruise ) and maximum temperature (Mi rl-Cru Lse } conditions, the 
temperatures fer a Tnaximum negative temperature gradient condition (exposed surface 
cooler than the interior surface) were included fer input to the structural models. 
The latter condition represents a Mach 1.25 descent at Vj^. A comparison of the 
temoerature conditions used for all the Task T, IIA, and IiB structura.i, models is 
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TABLE 9-7. L'lNG PAIIEL SQUIVALEIJT EXTEL'SIOilAL >\];D 
SHEAR TillCOESS, TASK 1 13 STRENGTH DEGir?H - HYBRID I-iODLL 




ARRANGEMENT/CONCEPT 


♦ HYBRID ARRANGEMENT 


CHORDWISE 



• PANEL CONCEPTS 
BASIC WING 

CIRCULAR ARC 
CONVEX BEADED 
WING TIP 

HONEYCOMB 
SANDWICH 


POINT 


SPACING (IN.) 

WING 

EXTENSIONAL AND 

DESIGN 

LOCATION 



SHEAR THICKIMESSilN.Jm 

REGION 

SPAR 

RIB 

SURFACE 

tx 


txy 

40322 

FORWARD 

20.0 

60 0 

UPPER 

038 

.012 

.028 


WING BJX 

LOWER 

.043 

.016 

.032 

40236 


20.0 

60.0 

UPPER 

.048 

.151 

.035 




LOWER 

.058 

.229 

043 

40536 

AFT 

WING 

20.0 

60.0 

UPPER 

.074 

135 

.055 


BOX 

LOWER 

.06! 

197 

.045 

41036 


40.0 

60.0 

UPPER 

.076 

.143 

.066 



LOWER 

.093 

188 

083 

41316 

WING TIP 

30.0 

i 

60.0 

UPPER 

LOWER 

.119 

.143 

.121 

.144 

.110 

.132 

41348 

20.0 


UPPER 

.082 

.089 

.073 



600 

LOWER 

.101 

108 

.091 


NOTES: 

(1 \ THICKNESS INCLUDE CAP AND/OR PANEL THICKNESSES AS APPLICABLE 


TABLE 9-8. WTTin PAITEL EQUIVALENT EXTETJSIOIIAL AIJD SHEAR THICKIIERB 
TASK IIB STRENGTH/STIFFNESS - h”YBRID MODEL 


POINT 

DESIGN 

REGION 

LOCATION 


WING 

SURFACE 

EXTENSIONAL S SHEAR 
THICKNESS ON.) (1) 

SPAR 

RIB 

Sc 

V 

'xy 

40322 

FORWARD 

22.7 

60.0 

— 

UPPER 

.037 

.012 

.028 


WING BOX 



LOWER 

.047 

.016 

032 

40236 

AFT WING 

21.2 

60.0 

UPPER 

058 

.148 

.039 


BOX 



LOWER 

061 

.225 

043 

40536 


21,2 

60.0 

UPPER 

079 

.146 

.052 





LOWER 

.066 

.209 

.043 

41036 


21.2 

60.0 

UPPER 

.077 

.120 

.066 





LOWER 

.093 

.154 

.082 

41316 

WING TIP 

40.0 




■B 




1 




m 


47348 


30.0 


UPPER 

.145 

165 

.135 





LOWER 

145 

.168 

.135 


AR RANGEM E NT/CONCEPT 


• HYBRID ARRANGEMENT 
CHORDWISE SPANWJSE 



BASIC WING 

CIRCULAR ARC- 
CONVEX BEADED 

WING TIP 

HONEYCOMB 

ilUlutmiiu SANDWICH 


NOTES 

(1) THICKNESSES INCLUDE CAP AND/OR PANEL THICKNESS AS APPLICABLE. 
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StUSd - 


9tOZ Sd ~ 


9961 Sd — 


9961 Sd - 


ZUi Sd - 
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shewn in Table 9^5- Tfie hI ne; {.ural teThpern :.u7'P3 '?c>r i,he Marbi 1.25 descent 
c--nlition ai^c displayed in Fir,ure 9-12, the Star':-of-2ruisc and Mid-Cruise ten- 
pern^ures are Iricli.dpd ir Section 6, Structu^at ^eicpera turea . 

FxLernal Loads Tnpib, - Task HE 

A su!TLi:ary of the number and type of load conditijuis used cn the strength and 
strength/st L ffness models are shown in Table 5-^-6* The initial NASTKAd interna] 
leads run was based on the aeroelastic loads of the strength designed model and 
included a total of nineteen (19) conditions; specifically: 

• Thirteen (13) asceno conditions covering the Mach 0.1, Mach 0.9^ atid 
Ma c h 1.25 sy mme 1 7' i c f 1 i ght conditions: 

• Four ( 4 ) Mach 2.7 flight conditions covering the Ft art-of-Crui se and 
Mi d - C r u 1 s e c ond 1 1 i o n s ; and 

• Two (2j descent conditions at Mach 1 . 2> “*'or tiie si.eady state ar-d ti'ansd er'. t 
maneuvers. 

The static eeroc-lastic loads applied to the strength /stiffness structural model 
included the above IQ coridl lions and an additir»nral 6 load conditions, which wei^e: 

• Positive and negative g^ist conditions at Mach 0.9 

• Four (1) dynamic landing conditions fo^ fuselage design. 

A preliminary assessment of the effect of airframe flexibility on loads was con- 
ducted using the flexibilities of the strength designed model. Aeroelastic 
loads were calculated considering the manufactured aircraft shape {jig shape) 
to be that which deforms to the mid-cruise shape under mid-cruise loading. 
Aeroelastic loads were calculated using the jig shape as the initial shape (as 
compared to mid-cruise shape) and these loads used in a NASTHAN internal loads 
run. The resulting internal load intensities indicated an appreciable effect 
in the more flexible regions of the airplane, e.g., approximately a T- to 
9-percent increase in the wing upper surface spanwise load intensities in the 
aft box region. Considering these results, the Jig shape required to produce 
the mid-cruise shape under mid-cruise loads was defined for the strength/stiffness 
structural model and included in the static aeroelastic lead calculations for all 
Mach numbers considered, 
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igvjro 9-12. Structural Te-nperaturess , Transonic Desceti' 
ConditiCTj, Takik IID Final Design Model 



























RESULTS 


The results of the Task T, 
discussed in this sec-ion. 
ments, internal forces and 


Task IIA, and Task ilR structural modeling efforts are 
The results of the TAoTPA-T static solution (displace- 
stresses) and the aiixiliary program for calculating 


running load are presented. 


Di spiacements 


A cc^mparison of the Task I wing rear beam displacements for a syrrinetric maneuver 
at Mach 1.25 are shown in Tigiire 9-13. These vertical displacements •; z-dircction ) 
are plotted along the rear beam and indicate the relative wing stiffness 
of the three Task I models. A review of this data indicates the spanwise-ani 
cnoravise-stlf fened structural models are more fiexible than tlje monocoque model, 
i.e., chordwise and spanwise modei wing tip displacements are approximately 
35-pGrcent greater than the monocoque tip di sp] acemeiit. 


The comparable wing rear beam displacements for both the hybird strength designed 
and final strengtlL/st irfriess designed 3“E structural models are displayed in 
Figure The final design model (strength/stiffness) shows a maximum wing tip 

displacement of 200 inches for the 2.5“g s^nrjnetiTc flight condition at Mach 1.2p; 
appi-oximately 20.0 inches less than the strength designed model. A wing rear 
bean displacement comparison of the Task I Chordvise^ Task IIA Chordwise, and the 
Task IIB Final Design models is shown in Figure 9-15- The load condition used for 
this 'comparison was a 2.5-g symmetric flight condition atT^ach 0.90. Tlie Task IIA 
and IIB models refiecn the baseline configuration and flight attitude changes 
associated witli the redefinition of the airplane concept after the Task I analysis. 
Figure 9-15 indicates a wing tip displacement of I56 inches (13 feet) for the final 
Task HE Hybird Design; the corresponding displacements for the Task I and Task IIA 
chordwise models are I80 and 195 inches^ respectively. 


A comparison of the Task T, Task TTA, and Task IIB fuselage displacements is shown 
in Figure 9-l6. These displacements are for a 2,5-g symmetric maneuver condition 
at Mach 0.9. A rnaxim*um nose displacement of 20, C inches (negative) is shov/n for 
the Task T chordwise model; whereas, the nose displacemeros for the Task II models, 
w'hich reflect the shortened forebody, are negligible. The Task IIA chordwise model 
has the naximum positive tail displacement (approximately 30.0 inches) and the 
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VERTICAL DISPLACEMENT (LIMIT)--liN. 
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Figure 9—15. Wing Upper Surface Maxirnun Spanvlsje Tension 
and CompreaaioTi Loads, Task IID Final Lesigr: Model 
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Figure 9-2c, Wing Lover Surface Plaximuti Spanviae Tension and 
Carrpjession Loads, TasK IIB Kina] Design Model 








Ta.'ik T model the TnaxiTnum negative di spj a*’o:T]ent ( approximately 2^.0 inches ). An 
iri-J-ermediate value of 13.0 inches is noted for the Task II3 Hybrid Model, This 
variation n tail deflection (rnatmutude arnl direction) is directly related to the 
load rebalancing required, to maintain the rcarvo.rd shift in center of gravity 
incorporated on the Task IT models (i.e., vino pltch-np nomeni, for Task IT 
models requires a positive tail force). 

Running Loa-d£’. 


The results of the MASTRAIT static solution (internal forces/stresses) were used as 
the basis for Task I, Task IIA, and Task IIB stress analysis. These forces/stres ses 
vere converted into rimning loads and combinat icn vitli tlie local 

leading and/or manufacturing effect accounted fc^r in the detail stress analysis. 

Only running loads are presented, no stresses or internal forces (pound) are 
displayed to alleviate any possible misinterpr et at ion of these results as the 


tot.al ■ nternal 5tress/l:iad stuhe. 

The running loads were calcnla.teu by T>er"ormif.g h series of simple maLrlx opei'aLions 
on specific stress and thickness niatrices, c.g. , chordvise wing surface load (N^) is 
equal to the product of tlie average stress ( f >; ) of adjacent red elements and the 
extensional thickness (t^^). 


Running loads were calculated for all Task I and Task IT models. Comparisons of 
load intensities at the point design regions arc shovn for all these models. In 
addition, a oompr ehen si vc listing of the running loads for the final Task TIB 
sti'uctural model are displayed on wing and fuselage planforms. 

A planform containing the wing uppei’ surface rr^aximum chordvise tension loads 

and corresponding shear flows is shown in Figure 9-17. The maxiirum compressive 
i_cads are shown in Figure 9-18. The maximum ter.sion and compression loads for the 
upper spar c£.ps are sho-wn on Figure 9-1 9- The co responding wing lover surface 
running loads are shown in Figures 9-20, 9^21 » end 9-22. These figures indicate the 
wing critical design conditions and the corresponding surface load intensities fur 
these conditions. Furthennere, the identification of coiimon design regions are note 
by shading and the six wing point-design regions are indicated by a.sterisks. 

A comparison of the wing upper surface load intensit'es (Ib/in.) are shc'-ur in 
Table 9-9 for all structural model s. These leads are based on the results of the 
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TABLE 9-9. 
r-EKSITIES - 


COILPARISOf: OF VnilG SURFACE LOAD 
ALL MODELS, MACH 0.90 LOAD COIIDITIOH 


1 


•LOAD INTENSITY (ULTIMATE}. LBS'IN. 

; PANEL IDENTIFICATION 


TASK 1 

ilA 

TASK IIB 








hybrid 

HYBRID 

REGION 

NUMBER 

niRECTION 

CHORDWISE 

SPANWI5E 

MONOCOQUE 

CHORD^^'ISE 

STRENGTH) 

TINAU 

WING 

40322 

Nx 

10 

148 

199 

819 

17? 

219 

FORWARD 


Ny 

1145 

1155 

695 

1170 

1109 

1049 



Nxy 

201 

775 

71 1 

143 

112 

75 

— 


4023G 

Nx 

188 

122 

925 

. 377 

170 

15 



Ny 

10846 

12181 

8102 

11474 

12770 

14311 



Nxy 

418 

1181 

850 

436 

271 

272 

WING 

40536 

Nx 

85 

132 

1483 

471 

458 

315 

AFT BOX 


Ny 

10680 

12318 

8763 

-11207 

12680 

14410 



Nxy 

1118 

2288 

2521 

1409 

1068 

1159 


41036 

Nx 

274 

36 

1094 

567 

1052 

1562 



Ny 

6570 ■ 

6876 

4544 

7040 

3522 

4725 



I Nxy 

1369 

2027 

1949 

1581 

1583 

1773 

WING 

41316 

Nx 

701 

298 

■ 932 

592 

1226 

1478 i 

TIP 


Ny 

11GG5 

-12546 

8268 

12145 

9504 

10106 



Nxy 

3492 

3240 

2528 

3773 

3686 

3730 


41348 

Nx 

719 

574 

605 

1068 

8V7 

856 



Ny 

6293 

5886 

4731 

6402 

■ 5148 

6598 



Nxy 

1535 

1797 

2132 

1990 

2290 

2608 


•LOAD CONDITIONS 

TASK I CONDITION 12 MACH 0.90, nz - 2.5, W - 700,000 LB, Ve - 325 KEAS 
TASK MA CONDITION 9. MACH 0.90. "2 = 2,5, W - 700,000 LB. Vo 325 KEAS 
TASK IIB CONDITION 8: MACH 0.90, nz = 2.5. V'J ^ 700,000 LB, Ve - 325 KEAS 


^ABLE 9-10. 

LOAD 


EFFECT OF JIG-SHAPE ON VJING UPPER SURFACE 
IHTEHGITIE3 , TASK IIB HYBRID MODEL 






* LOAD INTENSITY (ULTIMATE), LBS/IN, 







PERCENTAGE 

1 PANEL IDENTIFICATION 


ASSUMED JIG SHAPE 

DIFFERENCE 

REGION 

NUMBER 

DIRECTION 

MID-CRUISE 

ZERO LOAD 

(%) 

WING - 

40322 

NX 

151 

166 

f 10 

‘ FORWARD 


NY 

11(^ 

- 1083 

2 



NXY 

130 

124 

5 


40236 

NX 

67 

- 133 

+ 98 



NY 

14650 

15596 

+ 7 



NXY 

453 

499 

+ 10 







WING - 

40536 

NX 

1073 

1182 

+ 10 

. AFT BOX 


NY 

14303 

15315 

+7 



NXY 

1495 

175C 

.. 

+17 i 


41036 

NX 

1812 

2096 

M6 1 



NY 

4220 

4612 

+9 1 



NXY 

2106 

2471 

+ 17 1 


41316 

NX 

1638 

- 1700 

1 

+4 



NY 

12407 

-14280 

+ 14 j 

WING - 

1 —..V 


NXY 

4009 

4262 

+5 

i 

TIP 

41348 

NX 

1207 

1187 

i 



NY 

6897 

8192 

419 

i 


NXY 

2284 

256C 

+ 12 


• LOAD CONDITIONS 

TASK II B CONDITION 12: MACH 1.25, - 2.6, W - 690,000 LB. Ve ' 294 KEAS 

w 
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NASTRAI] static 


soiuti^^n ard are defined at the si^: point-des'gn regions used for 
i:ne stractural analysis. 

The direction of the inplane leads corresponds to the ‘basic airplane axes with the 
exception of the wing tip regions (panels 41316 and 41318). For these panels the 
y-directlon (spanwise) is parallel to the rear beam of the wingtip structure and 
the x-direction (chordvise) perpendicular to the real' i:)parri. Conventional sign 
notation is used; positive signs denote tensile forces and conversely, negative 
signs denote compressicn. 

From a review of Tahlc 9-9, the follcvring general comments concerning the Task T 
loals are noted: 

(1) In general, the spanvise arrangemeri t, w }) i.e/h has the greatest spaiiwlse 

stiffness also has the highest spanvioe load intensities The 

cherevise arrangement has slightly smaller values and the monocoque 
arrangement the lowest values. 

(2) From a cernparisen of t'he chordvise load intensities of the chordvise 

and spanwise arrangements, the chordvise arrangement, which has Idgher 
chordvise stiffness, also exhibits higher chordvise load intensities. 

The monocoque arrangement has the highest chordvise load intensities 

of all the arrangeinenls , which is indicative of the Poisson’s effect 
of the biaxial concept (honeycomb sandwich) used in modeling this 
arrangement . 

(3) In general, the highest inplane shear (N^^) values are indicated for the 
spanwise and monocoque arrangements with the chordvise arrangement having 
the lowest values. This is probabhy r*e dated to the chordvise arrangement 
being the most flexible arrangement and exhibiting the largest aeroelastic 
effect, i.e., the ving tip airloads shift inboard with the associated 
reduction in wing net shear, spanwise bending and torsion. 

Again with reference to Table 9-9 » comments concerning a comparison between the 
Task I and Task IIA chordvise arrangements are noted. The configuration and mass 
distribution changes incorporated in the Tp.sk IIA model should be recalled. 

(l) The spanwise load intensities were almost identical for the two 

arrangements, with the Task IIA arrangement exhibiting slightly higher 
values . 
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( 2 ) 


In general, rhe Task TIA chcrdvrise load intensities for the wing nSt 
box region were higher than those of the Task I, which is indicativ^e of 
the aftvard shift in center of gravity incorporated in the Task IIA model, 

(3) The inplane shear (H^y) values indicated the sar.e trend as the spanwise 
loads, i.e., slightly Higher values x'or the Task IIA arrangement. 

The differences in load intensities between the Task IiD strength and 1 inal 
(strength/stiffness) designs are related to the following changes. 

(1) The strength model reflects the stiffness resulting from the strength 
analysis with no added stiffness for ^"lutter suppression, whereas, the 
final design incorporates the results of additional strength analyses 
and the stiffness reej^ui re meats of the flutter optimization stu-3^ . 

(2) The applied aeroelasric loads reflect the maos distribution (i.e., 
variation in inertia loads) and stiffness characteris ^ics each 
model. In addition, the aeroelastic loads for the final design in- 
clude the effects of the jig-shape. 

A study of the effect of the ass^jmed unloaded shape of the aircraft was conducted 
using the Task IIB strength sized model. Structural deflections, detennined for 
a one-g condition during mid-cruise flight, were applied negatively to the mid- 
cruise configuration to define the jig-shape (i.e., shape of aircraft for manu- 
facture and assembly in a Jig)- Aeroelastic leads were then calculated for the 
2,5-g symmetric maneuver condition at Mach 1.25 using both tne jig-shape and the 
mid— cruise shape as the unloaded shape. A summary of the variation the point 
design load intensities using the two shapes is show, in Table 9-l0 with the per- 
centage differences indicated. Additional commentary concerning this jig-shape 
study was previously presented in the External Loads Input - Task IIB Gubsection. 

Aj- 1 loads intensities increased v-hen the jig-shape was used in the aeroelastic 
loads calculations; the exception being the spanwise (hy/ and shear loads (Uxy) 
at point design region 1^0322 which were reduced by 2 percent and 5 percent res- 
pectively, As expected, the largest load intensity variations occurred on the 
more flexible regions of the wing (e.g., a 19 percent increase in spanwise load 
intensity for point design region U13U8 - approximately center span of the wing tip 

Because of the large variation in load intensity attributed to the jig-shape effect 



the results of this study were incorporated into the structural sizing of the 
eleir.ent properties for the FinaT Design Task II3 model. In addition, the final 
aeroelastic loads included the jig-shape effect* 

For the sake of completeness f the load intensities for a 2,5-g symmetric flight 
condition at Mach 1 . ;?5 are presented in Tables 9“H and 9-12 for tne upper ana 
louer ving surfaces respectively. These loads are ultiirjate values and represent a 
more critical flight condition (stress analysis) than the load intensities for the 
Mac:i 0.90 condlLlon displayed "ir Table 9-9* The loads for the Task TTA structural 
mcael are not indurled in Tables 9-11 and 9-12, since only the critical flutter 
condition (Mach O.90) was investigated for that study. 

The fuselage ultimate running leads for the Task IIB structural model are shown on 
Figures 9-23 and 9-2 m, These figures contai.n t.he maximii-T tension and compressicn 
loads and their corresponding shiear flows. The thermal components are indicated 
fc-r the applicable design conditions. A i^unning load comparison at the fuselage 
po-int design regions is contained in Table 9~13- This table compared only the 
resultant loads of the two Task IIB structural nodel runs since the 2-B structural 
models of Task I and Task IIA did not include cetaii fuselage modeling. 


TAELS 


9-11 . COriPAElGOTI CF VIIIIC UPPLE i 
TASK I AITD TASK ITB MODELS, MACH 


FJRFACE LOAD THTEIISTTIES 
KP5 LOAD COUrlTTOII 


PANEL IDEN 


•LOAD INTENSITY (ULTIMATE . L 

BS/IN. 

TIFICATION 


TASK 1 

TASK 

IB 

REGION 

NUMBER 

DIRECTION 

CHORDWISE 

SPANWISE 

MONOCOQUE 

hybrid 

(STRENGTH) 

HYBRID 

(FINAL) 

WING- 

FORWARD 

40322 

Nx 

Ny 

Nxy 

455 

1063 

120 

n 

1185 

290 

51 
• 529 
191 

151 

1106 

130 

242 

1032 

102 

WING 
AFT BOX 

40236 

— 

Nx 

Ny 

Nxy 

658 

-16338 

1316 

306 

-16986 

2541 

1193 

11638 

2099 

67 

-14650 

453 

- 183 

16456 
491 

40536 

Nx 

Ny 

Nxy 

1305 

•14325 

2354 

518 

16409 

4173 

- 3171 
11424 
4647 

1073 

14303 

1495 

- 831 

16372 
1615 

41036 

Nx 

Ny 

Nxy 

- 1435 

- 9156 
2237 

450 
- 9499 
3227 

2219 

6423 

3209 

1812 

4220 

2106 

2464 

- 5645 
1915 

WING 

TIP 

41316 

Nx 

Ny 

Nxy 

571 

-16982 

4807 

162 

17948 

4292 

1587 

12183 

3310 

1638 

-12407 

4009 

1931 

13240 

4072 

41348 

Nx 

Ny 

Nxy 

1433 

10800 

24B3 

1028 

941? 

2750 

- 1190 

- 7263 
3285 

1207 

6897 

2284 

1200 
- 9006 
2666 


•LOAD CONDITIONS: 

TASK I CONDITION 31: MACH 1.25. nz * 
TASK ll-B CONDITION 12: MACH 1.25, nz - 


2 5 W - 690,000 LB, Vc - 265 KEAS 
2.5, W = 690,000 LB, V« = 294 KEAS 


TABLE 9-12. COI-PARISOII OF WTHO LOVJER SURRiiCL LOAD INTlIISITTEG 
TASK I ADD TASK TIB MODELS, MACH 1.25 LOAD COUDITIOU 


KJ 


PANEL IDEN 


•LOAD INTENSITY (ULTIMATE), LBS/IN. 


TIFICATION 

number 


TACIZ 1 CTHI irTilRAL arrangements [ 

TASK 

ll-B 

DIRECTION 

CHORDWISE 

SPANWISE 

MONOCOQUE 

HYBRID 

(STRENGTH) 

HYBRID 

(FINAL) 

WING 

FORWARD 

140322 

Nx 

Ny 

Nxy 

455 

1063 

120 

n 

1185 

290 

51 

529 

191 

597 

1400 

215 

434 

1425 

166 

WING- 
AFT BOX 

140236 

Nx 

Ny 

Nxy 

• 6S8 
16338 
1316 

• 306 
16986 
2541 

1193 

11638 

2099 

246 

16196 

367 

62 

16622 

781 

1 140536 

Nx 

Ny 

Nxy 

1305 

14325 

2354 

518 

16409 

4173 

3171 

11424 

4647 

1099 

14014 

1599 

699 

15508 

1646 

141036 

Nx 

Ny 

Nxy 



1435 

9156 

2237 

450 

9499 

3227 

2219 

6423 

3209 

1297 

3588 

1909 

1098 

4697 

1812 

WING- 

TIP 

141316 

Nx 

Ny 

Nxy 

571 

16982 

4807 

162 

17948 

4292 

1587 

12183 

3310 

1405 

11188 

2990 

1656 

11333 

2739 

141348 

Nx 

Ny 

Nxy 

1433 

10800 

2483 

1028 

9412 

2750 

1190 

7263 

3285 

1379 

6657 

2281 

1431 

8090 

2556 


•LOAD CONDITIONS: 
TASK I 
•TASK II B 


CONDITION 31: MACH 1.25, nz 
CONDITION 12: MACH 1.25, nz 


!.5 W = 690,000 LB, Ve = 265 KEAS 
2.5[ W * 690,000 LB, Ve - 294 KEAS. 


4 
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riLE 9-13. COf^PARTSON OF FUSELAGE PANEL LOAD INTENSITIES - TASK IIB 
ITREIiGTH AND STRENGTH /STTFFTCESS MODELS, MACH I.2R LOAD CONDITION 


{^) FUSELAGE PANEL LOAD INTENSITIES (ULT.), LB/IN. 


STRENGTH DESIGN 


strength/stiffness 


FS 900 FS 1910 FS2900 FS 2900 
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SECTIOTI 1C 

VI BRAT I ON A?Tr FLUTTER 


INTRODUCTION 


The significant results of the vihratiori and flutter analyses of the 
arrow-wing supersonic cruise aircraft are presented in this section. These 
results include the structural dynamic characteristics of the aircraft employ- 
ing the various structural arrangements and concepts which have teen investi- 
gated to estahlisii the test approaches for a Mach cruise aircraft design. 


io ottain realistic structural mass trencs and to identify the importance of 
flutter on the design of supersonic cruise aircraft, compliance with the 
intent of FAR 25 v;as established as a de.sign objective. FAR 25.692 defines 
that the airplane must be designed to he free from flutter and divergence at 
speeds up to l*2Vj^^. In accordance with Reference 1 this margin Is applied to 
equivalent speeds Ij.jth at constant altitude and constant. Mach number. 

Figure 10-1. The flutter margin requirement in the helow-sea. le\^el regime of 
the equivalent air.speed versus altitude envelope is based on a ^^t-percent 
static pressure margin as indicated on the f'p-ure. 


The vibration analyses were performed with NaSTRAN using the Givens Method. 
The flutter analyses were performed within the Lockheed Computer System named 
FAM.AS using the p-k Method. The p-k Method permits a flutter analysis to be 
performed which yields a solution of matched Mach number, altitude and 
velocity , 


Starting from the strength-designed structure, the required flutter margin was 
achieved by use of a method of flutter optimization employing computer graphics. 
In optimizing for flutter, stiffness and corresponding mass increments were 
investigated as a means of satisfying the flutter constraint and the minimum 
mass combination identified. 
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PRESSURE ALTITUDE - 1000 FT. 



Figure 10-1. Design Flutter Bo'ondary 
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AriALYTTCAL METHODS 


The analytical rr.etliods which were applied to flutter analyoic and in the 
flutter optimization of tlie haoelinc configurations of the ai'row-wing super- 
sonic cruise aircra.ft are described in the following paragrap->hs . These ana- 
lytical methods are presented under the heading of 

• Structural Model 

• Vibration Analysis 

• Aerodynamic Formulation 

• Flatter Analysis 

• Flatter Optimization 


Structural Model 

A series of finite element structural analysis models was used for the study. 

These models w'ere constructed in the NASTRAIT System and are described in Section 9. 

Dime ns zonal Structural Model . ^ The Task I and Task IIA structural models 
are two-dinensicnal (2-D) models which represe-nt a w'ing that is sym- 
metrlcal about an X-Y mid-plane. A beam representation of the fuselage is 
included to provide fuselage interface effects on the wing structure. 

Three structural arrangements as characterized by the wind surface panels were 
modeled for Task I, namely: 

• Chordwise-stiffened wing 

• Spanwise-stif f ened wing 

• Monocoque (biaxially stiffened) wing 

The model networK is identical for all the three structural arrangements; 

'however, the model is unique for each of the three arrangements in terms of 
the section property data and the elements used to represent the wing. 


10-3 



The Task IT A structural model was the Task I chordwise-s^ifTeiieu struct ur 
arrangement modified to reflect the configuration refinements and center 
gravity travel recommended in Section 2 . 


al 

cf 


Three-Cimensional Str uc tural Model ■ — For the Task TIB analyses, a more 
detailed, three-dimensional (3-D) model was used. The wing planforin grid for 
the 3-D model was Identical to the 2-D model grid used in Task TTA; however, 
for the 3-D model both upper and lower wing surfaces are represented including 
the camber and the twist of the airfoil. The model incorporated a wjng 
representation with the capability to transmit inplane as well as out -of plane 
loads, and a fuselage shell model composed of skin, stringers, and frames 
elements, nie 3-D model wing surface represented a hybrid structural arrange- 
ment. The Inboard wing has chordwise-stiffened wing panels; whereas the wingtip, 
outboard of B.L *i06, is monocoque (biaxially stiffener;). Model analyses during 
Task IIB were pei’formed for two sets of structural sizes tlie first repre- 
sented strength requirements only and the second incorporated strength require- 
ments plus stiffness requirements. 

Tdie control surfaces for the Task IIB structural model satisl^ed the Irre- 
versibility criteria of Reference 1. No requirements for mass balance or for 
^fy-eversibility were specified for the Task I and the Task IIA structural 
models , 


The engine rail stiffnesses were designed by a rotation consideration of one- 
degree of engine rotation per-g. A strength designed engine rail would gi've 
approximately four degrees of engine rotation per-g which was unsatisfactory. 
This engine rail rotation requirement was established to minimize the nacelle 
rotation relative to the wing and minimizing the misalignment between the engine 
inlet and the engine. 

The structural model data used in the vibration analyses consisted of stiffness 
matrices and associated mass matrices. These matrices are of l83th order 
symetricall.y and lT8th order antisjenmetrically. The degrees of freedom and the 
coordinate system associated wJth these matrices arc given in Tabj_e 10 1. 

These degrees of freedom are shown on the airplane planform of Figure 10-2. 
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VIBRATTCM DEGREES OF FREEDOf>l (CONT’D) 
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'ABLE 10-1. VIBRATION DEGREES OF FREEDOM (CONT'D) 



RIGHT HAND RULE FOR THE RIGHTSIDE 
OF THE AIRPLANE 



w 



Figure 10-?. S;/nunetric Degrees of Freedom for Vibrafior Analysis 

Table 10-1 also correlates the degrees of freedom to the structural influence 
coefficient (SIC) and to the MSTFAN grid. The SIC and NASTRAN grid relate 
directly to the structural model. 

The choice of the number of symiTietric degrees of freedom vas based on the 
constraint that a l88th order vibration problem was the maximum size that 
could be run in the Lockheed FAKAS computer system. It is felt that a l88th 
order problem retains adequate structural definition and still gives good 
visibility for model trouble shooting and verification. 

Vibration Analysis 

Vibration cases were run using several different approaches and resuli-s co.ti- 
pared to select the analytical method for application to the design concepts 
study (Table 10-?). Th.e three methods investigated were: Inverse Power (JHV) 

and Givens (GIV) method available in MASTPuiN and the FAMA3 QR method. 
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The first eigenvalue routine executed was the Inverse Power ( IIIV ) . The 
approach was to take advantage of the sparseness of the stiffness and inerixH 
matrices in the F-set ( 858 th order) and solve for a limited number of modes. 
Computer time for the INV method was 80.5 seconds of CPU time per mode. 

Because of the very high comnuter times, the problem was reduced to the A-set 
coordinates (l38th order). This matrix reduction required 89 seconds. The 
IRV method was again executed and resulted in 60. 5 seconds of CPU time per 
mods-; whereas, tne Giv'ens method for the same reduced order pi^oblem resulted 
in T.3 seconds of CPU time per mode. 


Th^ reduction to l83th order eliminated only a 


:"ew inertial degrees of free- 


dom and resulted in a prctlen size small enough so that 
yiouia also be exercised. The QR method resulted in 3.6 


the FA114S QR method 
seconds of CPU time 


ter mode . 


The Givens 
time but al 


and QH methods not only result in a narked reduction in computer 
sc solve for all 188 roots, a definite advantage over the TTJV 


TABLE 10-2. MALYTTCAL METHCDS FOP VIBRATION MALYSIU 



MATRIX 

NUMBER 

CPU TI 
(SEC 

ME 

) 

FREQUENCY (2) 
(HZ) 

ivit 1 nUU 

SIZE 

ROOTS 

TOTAL 

PER MODE (11 

MODE 1 

MODE 2 

INVERSE POWER 

B58 

20 

1610 

80.5 

1.470223 

2.049600 

INVERSE POWER 

IBS 

2 

121 

60.5 

1.471204 

2.055224 

GIVENS 

188 

188 

(40 VECTORS) 

83 

2,1 

1.471203 

2.055210 

GIVENS 

188 

188 

(40 VECTORS) 

93 

2.3 

0.9275528 

1.007738 

QR 

188 

188 

(40 VECTORS) 

145 

3.6 

0.9275518 

1.007738 

(1) BASED ON NUMBER OF EIGEN VECTORS FOUND 

(2) FREQUENCIES 1 AND 2 ARE NOT NECESSARILY THE LOWEST 
FREQUENCIES. ALSO THE LAST TWO CASES (GIVEN AND QR) 

USED A DIFFERENT MASS MATRIX THAN THE FIRST THREE CASES. 
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Method vhere it is possible to Tii ss a mode. Wo sign! :''i con t diTi’ercnces in 
accuracy vere noted between the three methods as shown in Table 10-P. 

Based on the results presented the Givens Method was supe*-ior to the other 
methods and was selected as the vibration analysis method for the study. 


The stiffness matrices of each R^.^-uctural arrangement (Section 9) were cora- 
binoG with the appropriate inertia matrices (reference Section If - Mass 
Analysis) to compute the symmetric and antisymmetric eigenvectors and 
eigenvalues of the free-free airplane. The inertia matrices were formed 
for two airplane weight conditions namely; 

• Operating vreight empt;/ (OWE) 

• Full fuel and full payload (FFFP)- 


These weiglit conditions represent tne ext 


emes of miru'Tun: and maximurr: weight. 


No intermediate vpig^’^ t c:<jndi lions vere exaruined. 

Thie structural and inertial representations lead zo the following mati ix 


V i br a t io n equa t i o n : 



{• 4 ) * [K] {9} = {0} 

is the inertia matrix 
is the stiffness matrix 

column of dl splacements and rotations at structural nodes 

col’Jitm of translational and rotational accelerations at structural nodes 


In general 50 vitration modes were extracted from each vihration soluticn fo: 
use in the flutter analysis and flutter optimization. These vioration modes 
are expressed in equation (10-2) 


where [t] 

{4 



( 10 - 2 ) 


eigenvector matrix used for modalisation matrix of modal columns 


coromn of modal coordinates. 
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Aerodynamic Forrrmlation 


The steady and unsteady aerodynamic influence coefficients (AIC) vere computed 
for Mach O.oO, 3.9C, and 1.25 for the Task I conf iguration and Mach 0.60, 

0.90 and I.B 5 for the Task IT cenfiguration. The Mach 0.6Q and 0.90 AIC 
v.ere computed by the Doublet— Laoticc inethod Of RefeT'ence 2, The Mach 1,25 
and AIC were computed by the Mach Box method of Reference 5. T)ie ATC 

were computed for the wing, the wing fin and the empennage surfaces. These 
AIC were adjusted, when required, to reflect measured steady state lift 
coefficients and aerodynamic centers. The Mach O. 6 O and O. 9 O AIC account 
for the interference between the wing and the ving fin. The Mach 1,25 and 
1 . 8 ^ Ai.. do not account for the interference betweeri the wing and the ving 

fin. Fuselage aerodynamics were not included in cither Mach number 7 ^anges 
investigated. 

Tne signiiicance of the aerodynamic interference between the wing and wing 
fin Is shown by Figure 10-3, which presents CC /C and aerodynamic center 

versus fraction of the semispan. The data visually relates the wing fin in- 
terference effect on the distribution for the applicable Mach numbers. The 
interference effect results in an increase in the CC^ /CC^ distribution 

inboard of the wing fin and a decrease in the CC^ /CC^ distribution outboard 
or the wing fin. cy 

A typical aerodynamic grid used for the Doublet -Lattice aerodynamics 15 pre- 
sented in Figure 10-4. The lownwashes are applied at the 3/4 chord of the 
boxes and the lift forces are defined at the l /4 chord of the boxes. 

The Mach I .85 aerodynamic grid is presented in Figure 10-5. The dowiwashes 
are applied at the 1/2 chord of the boxes and the lift forces are defined at 
the 1/2 chord of the boxes. 

The normalized versus reduced frequency is presented in Figure 10-6. The 
normaUzed is C];_^ at a finite reduced frequency divided by for a 
reduced frequency of zero. The figure presents the real and imaginary parts 
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Figure 10-3, Theoretical Aerodynsinic Distribution 
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of the normalized for Mach 0.90 and ‘ .80 and thus shows the variation in 
anplitude/phase as a^f'onction of Mach number and reduced frequency. As can 
he seen the Mach i.85 aerodynamics is composed primarily ol the real part. 
This differs from the Mach 0.90 aerodynamics whicn exnic.ts a mix of ...he 
real and the imaginary parts. 


Flutt.er Analysis 


The following development of tiic flutter 
tecause it ref_ects a dexarture ircm the 


equation is presented primarily 
.mere familiar k method. The prin- 


cipal features provided ty this 
solutions are obtained directly 


formuation are that the frequency and damping 
for matched altitude and Mach number and the 


damping solutions correspond to logar it. "11:110 aecay. 


T'rjri s.cro ^yriGJTii c forces ^ j rBSult.ing fi'cn oscil /l<±t.ory inoi ion alDOut- 
tioB of enuili trliiTi can be expressed as follows 


a posi~ 



= 1/2 P [a (k,M)] |qj 


(10-3) 


where p = air density 

V = true airspeed 

[a (K,m)] = aerodynamic influence coefficient matrix which is a 
function of k and M 
uu 

k = — 5 r educ ed frequency 


M = Mach number 
ou = frequency 


b = reference 
o 



columi'i of 


length 

displacements 


and 


rotatiens 
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Inserting the acroaynamic forcing function (lC-3) on the right hand side of the 

equation of notion (lO-l) and introducing a structural damping factor, g, yields 
equation (lO-l) 

[m] |q} I (1 + ig) [k] - 1/2 p [a (k,M)] |q| = |o| (l0-4) 

assume a structural da.mping ' g ) of 5—percent for es>ch node. 

b , . 

let a non-dimensi onal operator be defined ns u = — — (1^-5) 

V dt 

vhere = time ieri\^ative. 

Substituting equation (10-2) and. (10-5) into equation (l0-4) and rearranging 
the terms gi-»res the basic flutter equation 
2 

[t]^ [[m] + (1 + ig) [k] - o/ 1/2 [a (k,Md] [t] jxj- 

O 

= Uf[D(p,k)][T] |xf=|of (10-6) 

where - air density at sea level 


^ = air density ratio, p/p^ 

T 

[t] = transpose of [T] 

The method of solution to equation (lO-6) is referred to as the p-k Method. 
The p-k Method is described in Reference 3. The solution to equation (l0-6) 
defines rate of decay and frequency for preselected values of speed and gives 
matched altitude, Mach number, and reduced frequency for each mode at each 
preselected velocity. 


All matrices in equation (l0-6) are real and uniquely defined, except 
[a (k,M)], -which is complex and must be given for a sufficient number of k 
values. Equation (l0-6) is solved at several values of V and a, or combi- 
nations thereof, for complex roots p associated with the modes of interest. 
Modes of interest are determined from vibration analysis or from previous 
flutter analysis. 
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he process of deternrlnant Iteration is completed xoic by mode for one speea 
nd then at successive- preselected speeds. For one mode at one particular 
peed, l.he process is started by initial trials for p. 


= 6 + ik. 


Pg = *2 ^^2 


(10-7) 


[a (kj] and [a (k.j] 


are compu- 


ted by interpolation. Using equation (lO-b) the 


values 


»1 - l[»(%’b)]| "2 - l[=('2’’b)]l 

are determined. The method gives a first iterated value for p: 

P3 = (PgOi - PiD2)/(i>i - ^ 2 ) 


( 10 - 8 ) 


(10-9) 


The process is repeated according to the recurrence formula 


"i+2 


(h 




)/(h - 


(10-10) 


until a specified degree of convergence is attained. From the converged root 

■D =6 + ik , the frequency and damping are computed 

c c’ 



; 2y 


W a 


n + 1 


(10-11) 


The above procedure is known as the one-dimensional Regula FanSj. Method </hich is 
valid where equation 10—6 is analytic in p* 

Two fundamental questions arose when applying equation (l0-6) to the flutter 
analysis, namely: 

• How many vibration modes are required to arrive at the converged flutter 
solution? 

• How many AIC matrices, as a function of reduced frequency (k;, are 
required to arrive at a converged flutter solution? 

Both of these questions were investigated during the course of the flutter stuc.ies 


w 
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Velocity versus damping for idie_ 1 15, and 2C vibration mode flutter analyses 

are shown in Figure 10-T » It can be seen that the character of the flutter 
modes can be signi candy changed by going from 20 to 10 vibration modcG but 
the minimum flutter speed did not change appreciably. Figure 10-8 shows the 
flutter velocity of the bending and torsion nutter mode as a function of the 
number of vibration modoG used in the flutter analysis. This figure shows that 
the flutter velocity changes only ] percent when the number of vibration modes 
varies from 20 to 50. As a conscq^uoncc of this study, 20 or more vibration modes 
were used for all flutter analyses. 

The number of AlC matrices required to arrive at a converged flutter solution 
was investigated by running a flutter analysis with AIC matrices corresponding 
to 17 h values and then repeating this analysis with every other AIC matrix 
eliminated. Within the reading accuracy of the flutter plots the results from 
these analyses were identical. As a consequence of this study AIC matrices 
corresponding to 9 or more k values were used for the flutter analyses. 


Flutter Optimization 

An interactive computer graphics program was utilized in the optimization of 
the arrow-wing supersonic transport configuration. An abbreviated descrip- 
tion of the equations, method of solution, and optimization procedure are 
presented in the following paragraphs. 

The flutter equation is witten as folows: 


[Tf [d (kij)] [Tj jq} = 0 (10-12) 

with 
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vnere 



= base weight matrix 
- base stiffness matr±>: 


[A(k)] = aerodjmamic influence coefficient matrix 


[T] 


g 

P 

Pi 

Pi 


A 

Pi 




Pi 


matrix of modal columns 
gravitational constant 

reference length 

true airspeed 




reduced frequency 
non-dimensional operator 
structural damping 


/=!o 1 ) 

\ V dt / 


= air density 

-th , , . , ^ 

- i — design variable 

units 

.th 


-(pi + Pi) ^ 


expressed in weight 


increment in i — design variable due to updating of 
base structure 

increment in i— design variable necessary to satisfy 
flutter constraint (in addition to Pjf ) 


La Grange coefficients used 
in matrix interpolation 


"I 

n 


gj - gf ‘ 

n = 1 3^^- 

n 


0 for Type I design variable 
0^ for Type II design variable 


[aw] 


(O 


- values of Pjj for which [ak] matrices are calculated 

= initial weight matrix due to "step" increase for Type 
II design variable 


10-25 



= increment in weight matrix due to 

— j»gjj^ 0 n.t in stiifness itvatrix (o'vor 
for 


oa_: 


ulated 


N 


D 


number of design variables 


Nx 


number of [A\] matrices for design variable f 


This formulation allows for definition of design variables in two different 
ways. The Type II design variable assumes an initial siif fness/weight "step" 
increase. This was used in the Task T o[: I, imization ; the ironi and reai beair. 
Ghear webs were firsi increased in thickness in order to crenie a more 
''torsion box." I design variables do not have this initial step. Con- 

sequently, one of the matrices used for interpolation to form the stiffness 
matrix is a null matrix. This then requires one less [ak] matrix to be calcu- 
lated. The Type I design variables were used for the bending variables in 
Task I and for all variables in Task II. Plots of a tj^ical element in the 
stiffness matrix versus make the distinction between Types I and II clearer, 
and are shown in figure 10-9 ■ 


Design variables were defined by dividing the wing planform into sections known 
as "design regions." Within a design region, more than one design variable may 
be defined. This is true for the last I optimization, where bending and torsion 
design variables exist for each region in the outer wing area. Because all 
the Task II design regions are for the monocoque outer wing, there exists only 
one design variable per region. Both bending and torsional stiffness may be 
varied with these design variables. Task I and Task IT design regions used 
In the optimiz-ation process are shown in the appropriate results subsec vion . 
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TYPT I! 




Figure 10-9- Types of Design Variables 


In producing the necessary matrices for the optimisation program, the sizing 
data for the MASTRAN structural model were changed; this produced matrices 


[i 






H ) -^fj. 

corresponding to the values of each design 


variable. These matrices were then stored on a disc and used in the optimi- 


zation procedure. 


The optimization program forms the total flutter matrix and solves for k and 

A 

p£ using the Two-Dimensional Regula Falsi Procedure. This is an iterative 
method of solving two equations (the real and imaginary parts of the flutter 
equation) with two unknowns (k and Pjj). It is used when the equations are 
not amenable to e>:plicit solutions. The equation 

|[t]^ [d (k,3i) [t] I =0 (10-13) 



is solved by projecting planes which approximate the real and imaginai^;" 
surfaces of the above determinant as a function of and k. Iteration continues 
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A more detailed 


until £ satisfactory convergence criterion is achieved, 
discussion of this method can be obtained ir. Reference 6 

The optimization procedure consists of solving for , the amount of the 
design variable (in weight units) necessary to achieve the required 
flutter speed, V^, which is input to the program. Thus the design variable 
T-dth the minimum is the most effective in achieving the flutter require- 
ment. More structure is added to the effective design variables (by in- 
creasing Pj for each one), and is again calculated for each. This up- 
dating procedure is followed until the solutions become uniform, indicating 
that an optimum solution has been achieved. 

In practice, it was found that the solution was highly dependent on the eigen- 
vector matrvx:, [t] , used for modalization. Therefore, when a solution strayed 
too far from the base stiffness and mass matrices which produced these mode 
shapes, it was necessary to calc'olate new eigenvalues and eigenvectors and 
remodaiize the problem. The procedure dcncribecl above was then intitated 
again, continuing in this manner until convergence upon an optimum solution 

was obtained. 


ANALYTICAL DESTGPf - TASK I 


The analytical design effort examined the structural dynam 
of the baseline aircraft employing the various structural 


ic character 
arrangeirientG 


i sties 
and 


concepts discussed in Gecticn 1, Structura] Design Concepts. The initial 
effort was performed to identify the importance of Che flutter requirements 
on the overall design of an arrow-wing supersonic cruise aircraft. 


The specific objectives included (l) identifying of the flutter conditions that 
influence the design of the primary wing and fuselage structure of the baseline 
aircraft, (2) defining the most critical conditions for flutter (i.e., airplane 


kJ 
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mas?^, Mach number) for flutter analysis, (3) performing the requii’ed analyses 

to determine the flutter speeds for "the structural arrangements , and 

(U) defining the appropriate stiffness and/or mass through a flutter optimiza- 
tion procedure to achieve the required flutter speed. 

The serpe of the Task T vibration and flutter analyses effort is pre- 
sented in table 10-3- 

The chord-wise stiffened structural model was the first of the three iTiodela to 
operational and the anticipated flutter results were that the symcnetric bounda 
condi t,-] oTi wojTv] be more crl Ileal tlian the an't-i symmetric boundary condition. 
Thus, the chordv/ise stiffened model vms analyzed in detail wioh emphasis on 
the syrnrv:"! r i i'* nounoHry condition. The spanwise stiffened and monocoque models 
were analyzed for only the most critical of the chordwise stiffened arrange- 
ment conditions, i.e., n pcirticular weight, lounlar^' condition and Mach number 

Chordwise Gtiffened Design 

S}anme t r 1 c V i br at i on . — Symmetric vibration analyses were performed for the 
operating weight empty (OWE) and for the full fuel and full payload (KFT'P) 
conditions* These conditions represent an aircraft weight of 321,030 pounds 
and 750,000 pounds, r sspect ively - The symrietric vibration analysis solves a 
l&8th order system in Tht^lTRAN using the Givens Method. The analysis solves 
for all the eigenvalues and for 50 ei genvec to . These 50 vectors are 
associated with the lowest frequency modes. 

A summary of the lower frequency symmetric vibration inodes for -fdie chordwise 
stiffened ari^angement is presented in Table 10-1. Mode frequency comparisons 
(Hertz) for the operating weight empty (OVJE) and the full fuel and full pay- 
load (FFFF) weight conditions are shown for tlie strength-designed chordwise 
stiffened arrangement. The associated vector plots for the OWE condition 
.are also showvi fur the first eight modes in Figures 10-10 through 10-17. 





TABLE 10-^, LOWER ?'^FEQUENCY SYMMETRIC VIBRATION MODES - CHORDWISE STIFFENBJD 
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OWE - WEIGHT » 321,000 LBS 
FFFP ' WEIGHT = 750,000 LBS 




SYMMETRIC VIBRATION MODES OWE - CHORDWISE STIFFENED 


Figure 10-10. By^nmeiric! Vibration Moce 1 

SYMMETRIC VIBRATION MODES OWE - CHORDWISE STIFFENED 




DyTTiinetr Ic Vibration Mode ? 
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Figure 10-12. S^minetrio Vibration Mode 3 



Figure 10-13. Symmeirio Vibration Mode 
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SYMMETRIC VIBRATIOW MODES OWE - CHORDWISF STIFFENED 




Figure 10-1^. Symaetrlc Vibration Mode 5 

SYMMETRIC VIBRATION MODES OWE CHORDWISE STIFFENED 



Figure 10-15. SjTunetric Vibration 6 
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MODE 7 - FUSELAGE 2ND BENDING 
FREQUENCV = 2.784 Hz 


Figure 1 0- 1 6 . Sy lu'rie 1 1 ’ i c V i b r a I i e r i Me d e 7 



Figure 10-iT. Syimetric Vibration Mode 5 
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Symme tri e F ] t e S^ometric f] attei’ solution? for the 3 P 1.000 oound 
aircraft at Mach O.bO are shown in Fig-are IO-I 8 . The mode identification 
rrambers of 3 through 8 co 7 'respond to the mode number identification presented 
for the lower frequency s^/rnmetric vibration modes of Tab: e 10-h. Three 
distinct flutter mechanisms are noted: The bending and torsion mode, the 

hump mode, and the stability mode. The flutter speed for the bending and 
torsion mode is H6o yUi'.AB; the stability and humb (nodes hao'e identical flutter 
speeds of ^30 ifFAS. 


Tynmet r 1 c I'i utt er 
shown as Figure I’: 
mo do 1 : o t c d v i t n a 


solutions for the 750, OOC pound aircraft ai. Mach O .90 are 
:-19. Tne bending and toroion mode is the only distinct 
flutter speed of 379 KEA3 , 


A suTTiTuary of the flutter speeds for the clicrd'vise stiffened arrangement is 

in Figure lC-20 through 10-2? for t.he syrni’aetric oending and ecu's :.cn 
mode, the syTnmetric hump mode, and the symirietric staoility mode. These 
figures show the Vp and 1 .? en /elope as a function of p-’essure alticuae 
versus knots equivalent airspeed overlayed with the analysis Mach number 
lines of 0.6C, O. 9 O, and 1.2S, Flutter boundaries for the various modes are 
indicated by a cross-hatched line. Tne lowest flutter- speed (3i9 KEAo>* occurs 
for the s^ycnmetric bending and torsion mode at Me,ch 0.90 . 


Particip ation Coefficients — Participation coefficients are the complex 
eigenvectors associated with the roots of a flutter equation- Tnese partic- 
ipation coefficients give insight into the structural inodes involved in a 
flutter me chan ism. 


The participation coefficients for the bending and torsion mode flutter 
(Mode 3 of Figure 10-19) reveal that at flutter, this mode is principally 
composed of the zero airspeed Modes 3 and 8 (Table 10— ^0 • Part ioipation 
coefficients resulting from syminetric flutter analyses at Mach 0.90 for both 
the full fuel and full payload (FFFP) and. the operating weight empty (OW) 
conditions are show in Figv;re 10-23 sr.i 10-2^-, respectively. As indicated 
on these figures, the Eero airspeed wing 1st bending mode rapidly transitions 
through, the adjacent higher frequency nodes and couples at flutter with the 
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SYMMETRIC FLUTTER ANALYSIS - CHORDWISE STIFFENED ARRANGEMENT 
MACH NO = 0 6 
V;EIGHT = 321,000 LBS 



VELOCITY^KEAS 


VELOCITY AS 


Figure 10-i8. S;^Tninetric Flutter Analysis - Maoln 0.6 - 0V7E 


SYMMETRIC FLUTTER ANALYSIS - CHORDWISE STIFFENED ARRANGEMENT 
MACH NO, = 0.9 
WEIGHT - 750,000 IBS 
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Figure 10-19* S:/Tnmetric Flutter Analysis - Mach 0-9 - FFF? 
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Figure 10 - 22 . Flutter Speeds for Svmmetric Stability Mode 


SYMMETRIC FlUTTER ANALYSIS - CHORDWISE STIFFENED ARRANGEMENT 
MACH NO. - 0.90 WEIGHT = 750.000 L8S. 

PARTICIPATION COEFFICIENTS ** FLUTTER MODE 8 - BENDING AND TORSION MODE 

- - : flutter 373 KEA5 



Figure 10-23. Participation Coefficieritr. - Mach 0.9 ^ FFFP-Mcde 8 
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Figure 10-2^. Fart icipation Coefficierxs - Mach 0.9 - OV/F - Mode 3 


SYMMETRIC FLUTTER ANALYSIS 
CHORDWISE CONFIGURATION 
WEIGHT ^321000 LB MACH NO. ^0.90 
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Figure 10-25. Participation Coefficients - Mach 0.9 - OWE - Mode 7 


lO-Lo 


zero a1rs:>eed wing 1st torsion mode. Tnis conclusion is not obvious by 
reference to the frequei:cy velocity diagram of Figure JO-19 . 

Tne paroicipaoion coefficients for the hump mode flutter (Mode 7 of 
Figure 10-18) reveal that ett flutter, this mode is principally^ composed of the 
zero airspeet: Modes 3 and 7 {Table 10-4), As sho^.m in Figure 10-25, tne zero 
airspeed ving 1st bending mode couples at flutter with the zero airspeed 
Tuselage 2nd bending node. It is worth noting that the fuselage 2nd bending 
mode and the wing 1st torsion mode are very similar in wing mode shape for 
the 321,000 [sound aircraft. This similarity is probably due tc the frequency 
proximity of these two modes. The vibration analysis for the 750,000 pound 
aircraft shoves that the fuselage 2nd bending ?iiode and the wing 1st torsion 
mode are more separated in frequency. The 750 ? 000 pound aircraft fuselage 
2nd bending mode vectors show negligible charaeterist ics of the wing 1st 
torsion mode and therefore the hump raode flutter does not result. 

The participation coefficients for the stability mode flutter (Mode" 3 of 
Figure 10-l8) reveal that at flutter, this mode is principally composed of 
the zero airspeed Modes 1 and 4 (Table 10-4). It can be seen in Figure 10-26 
that the zero airspeed rigid body mode couples at flutter with the zero air- 
speed fuselage 1st bending mode. It was furUier deTnenst rated that the 
fuselage 1st bending mode is involved in the flutter mechanism by mathematically 
eliminating the fuselage 1st bending mode from the flutter analysis. As a 
rei^ult of TAils operation, the stability mode flutter was eliminated. 

Antisymmeti-io Vibration . — The antisymmetric vibration analysis solves a 1^7th 
order system w^lth liASTRAIJ. A summary of the lover frequency vibra- 
tion modes for the chordvise stiffened arrangement is presented in 
Table 10-5. This summary compares the mode frequencies of .the 321,000 and 
750,000 pound aircraft. These ant isymnetric mode characteristics are similar 
to tne symmetric modes, with the exception that the anti symmetric fuselage 
bending mode frequencies are significantly greater than the corresponding 
sjTinietric fuselage bending mode frequencies. This difference in fuselage 
bending mode frequencies is understandable since the fuselage centerbody was 
structurally represented to be flexib'^e symnoet rically and to be 
rigid antisymmetrically . 
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rREQUEr«:v <hert?) 


SYMMETRIC FLUTTER ANALYSIS 
CHORDWISE CONFIGURATION 
VvEiCHT - 321000 LB f/ACH NO. -0.90 


FLUTTER MODE 3 STABILITY MODE 


RIGID BODY MODE ■ 


FLUTTER T 563 KFAS 


PARTICIPATION 

COEFFICIENTS 


FUSELAGE 
1ST BENDING 
MODE 


’ ZERO AIRSPEED MODES 
MODE REAL IMAGINARY 
1 O • 

4 A A 


MACH NO, = 0.9 
WEIGHT - 750.000 LBS. 









The rnoie shapes fcr the 750,000 pound aircraft are shovn in Figures iC-28 
through i0-d5 f^r the first eight nodes for the chordvlsc stiffened 
arrangement . 

Anuisynnetrlc Flutter , —The ant 1 syinmetri c flutter analysis (Figures 10-36 and 
10-3T ) examined the chorawi se stiffened arrangement for the 3FT,0C0 and the 
750,000 pound aircraft at Mach O. 90 . The mode identification numbers corre- 
spond tc tlie lower frequency antisyrrLT.etric vilc'ation modes presented in 
Table 10- 5 • The results of this analysis show that the antisymmetric flutter 
mechanisms are exactly similar in name to the symrr.etric flutter mechanisms. The 
antisymmetric bending and torsion mode flutter velocities are greater than the 
corresponding s^numetric bending and torsion mode flutter velocities (i.e., 500 
?CEAS for the 750,000 pound aircraft). The hump mode resulted in the lowest 
flutter speed of 300 KEAS , but was not evaluated further at this time. It was 
anticipated that stiffening the wing tip would eliminate or increase the lvuii;p 
mode flutter speed beyond the design boundary. 

Bigidized Wing Inboard of 3L IjO . - The cherdwise stiffened arrangement for the 
750,000 pound aircraft was analyzed fcr the aircraft rigidized except for a 
flexible wing outboard of Buttllne U 70 . The flutter analysis of this configu- 
ration shows (Figure 10-27) that for Mach O. 90 , the wing 1st bending mode rapidly 
increases in frequency with increasing velocity and coalesces with the wing 1st 
torsion mode tc flutter at ^l8 KEAS. This flutter mechanism is identical to the 
flutter mechanism for the unrigidized aircraft. For the unrigidized or flexible 
aircraft the bending and torsion mode flutter velocity is 379 KEAS, 

Conclusions - Based on the results presented in this section for the chordvise- 
stiffened design, the most critical symmetric flutter condition occurs at a Mach 
number of 0.90 fcr the 750,000 pound aircraft. This most critical condition is 
therefore selected as the candidate for the vibration and flutter analysis of 
the spanvise and monocoque wing designs. It was also revealed by the preceding 
analysis of rigidizing the wing inboard of BL ^70 that the wing tip structure 
(outer wing) controls the bending and torsion mode flutter mechanism. 
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ANTlSYMMtfRtlf^^ MODES FFFP - CHORDWiSE STIFFFNfD 

MODE I - RIGID BODY 





FREQUENCY^. 0,000 Hz 


Figure 10-28. Aritisyrmetr j c- Vibration Mode 1 


ANTISYMMETRIC VIBRATION MODES FFFP - CHORDWISE STIFFENED 
MODE 2 - RIGID BODY 



frequency =* O.’OOO Hz 

Figure 10-29* Ant is;>unrne trie Vibration Mode 2 


10 - 1*5 


ANTISYMMETRIC VIBRATION MODES FFFP - CHORDVvISE STIFFENED 
MODE 3 - RIGID BODY 


w 







frequency = 0.000 Hz 


Figure iO-30. Ant isyrrjne trie Vibration Mode 3 

ANTISYMMETRIC VIBRATION MODES FFFP - CHCRDWISE STIFFENED 
MODE A - WING 1ST BENDING 



FREQUENCY =^0.906 Hz 

Figure 10-31. Ant isymmetric Vibraticn Mode U 
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antisymmetric vibration modes FFFP - CHORDWI5E. STIFFENED 
MODE 5 - ENGINE PITCH IN PHASE 



FREQUENCY 1.457 Hz 


Figure 10-32. Antisyrnmetri r Vitratlon Mode 5 

ANTISYMMETRIC VIBRATION MODES FFFF - CHCRDWISE STIFFENED 
MODE 6 - ENGINE PITCH OUT OF PHASE 



frequency = 1.805 Hz 

Figure 10-_3J^., _.An1n Vibration Mode 6 

io-47~ 


V vH* 


ANTISYMMETRIC VIBRATION MODES FFFP - CHCRDWISE STIr-[MED 
MODE 7 - FUSELAGE 3ST BENDING 


/ 




FREQUENCY - 1.949 Hz 


Figure 10- 3^. Ajnti symmetric Vibration Mode 7 

ANTISYMMETRIC VIBRATION MODES FFFP - CHORDWISE STIFFENED 
MODE 8 - WING 1ST TORSION 





FREQUENCY *2.319 Hz 

Figure 10-55. Antisymmetric Vibration Mode 8 
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ANTISYMMETRIC FLUTJER ANALYSIS - CH0RGW1SE STIFFENED ARRANGEMENT 
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3 RIGID BODY MODES NOT SHOWN ^ 
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Figure 10-36. Antisyirinetr ic Flutter Analysii^ - Mach 0.9 - OVfB 


ANTISYMMETRIC FLUTTER ANALYSIS CHORDWtSE STIFFENED ARRANGEMENT 

MACH NO, = 0 9 
WEIGHT - 750.000 LBS, 
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Figure 10-37* Antisymmetric Flutter Analysis - Mach 0.9 - FFFP 





Sparvise Stiffened and Konocoque resigns 


Syvjnotrio Vitration . — A sunr.ary of the lover frequency syrmnetr] c vibratior 
nodes for the spanvise- stiffened and the monocoque arrangements is presented 
In Table 10-6 for the fuli fuel and full payload (FFFF) velght condition, 
chordwise stiffened design results of Table 10-^ are shovn for reference. The 
mode frequency comparison indicates that the monocoque design has the greatest 
stiffness and that the spanvise stiffened design is the most flexible. The 
mode shapes (not presented) for these three structural arrangements are 
virtually identical. 

G;/mmetric Flutter . — Symmetric flutter solutions for the TdO,nOQ ooimd aircraft 
at Mach C-90 are shovm for the spanvise stiffened and the monocoque arrange- 
ments on Figures 10-38 and iO-GF, respectively. The analysis of trie spFinvlse 
design shows two distinct flutter mechanisms: the bending and torsion mode and 

the stability mode. The bending and torGion mode is the only distinct 
mechanism noted for tlie nionoonque design. The flutter speeds for the spanwise 
stiffened and the monocoque arrangements are 36^4 KEAS and k?3 FCSAS respectively 
for the sywietrin y^ending and torsion mode for the 75C,00G pound aircraft at 
Mach 0 . 90 • The fluttez" speeds for the three strzictural arronpement s investi- 
gated are summsari zed on Figure 10-10. 

Flutter Optimization 

The vibration and flutter analyses conducted on the chordwise-stiff ened , the 
sp^nwise-st if I ened and the monocoque structural arrangements indicated that 
the symmetric bending and torsion mode for the full fuel and full payload 
(FFFP) condition at Mach 0.90 resulted in the lowest syTmnetric flutter speed. 
The evidence of the stability mode flutter niechanism for the operating weight 
empty (OWE) condition at Mach 0.60 as well as the hump mode for the anti- 
symmetric boundary condition were also noted. A review of the results of 
the foregoing analyses suggests that stiffening the wing tip structure will 
eliminate the hump mode flutter and will permit the bending and torsion mode 
flutter speeds to be pushed beyond the 1.2 envelope. Elimination of 
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SYMMETRIC BENDING AND TORSION MODE 
WEIGHT - 750,000 POUNDS 



Figure 10-^0. Flutter Speeds for* the Strurture.1 Arrangements 



Figure , Design Regions for Flutter Optimisation 
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the irLtahility mcde flutter can most probably be accompliGhcd by stiffening the 
fuselage. It is recognised that all modes of flutter Trust be eliminated in the 
final design of the arrov-«wing conf iguration supersonic cruise transport. This, 
however, would require further analysis of both the wing and fuselage of the 
aircraft, A review of Section 2, Baseline Configuration Concept, indicates 
that configuration changes are planned. The planned changes with regard to 
the center of gravity location, tho pitch moment of inertia, the aerodynamic 
static margin, fuselage geoinelf’y changes and structural model representation, 
will impact the stability mode flutter speed ir a manner yet unknown. A.s a 
consequence flutter optiml^^atlon was not pjerformed on the stability mode. 

The evaluaLion of the various wing structural arrangements can best be hccot- 
plished by addressing the symmetric bending and torsion flutter mechanism for 
the Mach 0-90 TFFP condition, Incremental stiffness requirements and resulting 
mass additions to push the flutter speed beyond the 1.2 envelope or U68 KFAS 
are determined for these structural arrangements. 

To determine the effectiveness and the optimijm distribution of material within 
a particular region of tho airplane, the wing planform was divided into 
8 regions plus 2 additional regions for each engine rail. Figure 10-Ul displays 
the location of the 10 regions on the wing planform: 

1 . Forward apex 

2. Center box, including landing gear well 

3. Center box, outboard of landing gear well 

h. Aft box, inboard of the inboard engine rib 

5. Aft box, between the engine ribs 

6. Transition, aft box to outer wing 

7. Outer wing, stravddling the wing fin 

3. Wing tip 

9. Inboard engine rail 
10. Outboard engine rail 




Natural boundaries vere utilised to establish the 1C design regions as indicated 
by their location vitli respect tc the landing gear well, major chordwide ribs, 
wing vertical, etc. 

The interactive compuoer graphics program, dei-crilel earlier, was exercised 
in determining the most effective region and mass additions reQuired to 
achieve the desired flutter speed for the structural arrangements. This opti- 
mization was conducted using 20 "fixed'’ eigenvectors for modalization. No 
updating of mode shapes due to stiffness and mass changes arrived at during 
the optimization process was attempted in the Task I effort. The results 
below should therefore be viewed only as trend indicators when comparing 
one design concept to another. 

Ihordwise-St if fened Design. — Tue chordwi se-sti f fened arrangement was optimized 
oy increasing spar cap areas and 1 the skin and web thicknesses to provide 
increases in span bending stiffness and torsional stiffness, respectively , For 
the chordwise stiffened arrangement 2210 pounds of additional structural 
material was required in Region 3 to increase t>ie beMdlng and torsion flutter 
speed from 379 KEAS to ^68 KSAS. The optimum st if fness/mass distribution is 
U 25 in trie sjiar caps and G 80 pounds in the webs and skin (per side) as 

shown in Figure 10-i^2. 

Mon o c o qi j e De s i g r i . — T}ie flutter optimization cf the rr.onocoque arrangemer.t 
ev’^aluated the effectiveness of the design regions to achieve the required 
flutter speed. The structural mass resulting from the addition' of skin thick- 
ness in the appropriate design regions to provide a simultaneous increase in 
bending and torsional stiffness to tl-' w^ing tip structure is shown in 
Figure 10-^3. Region 8 was the most effective region requiring 12li0 pounds 
(620 pounds per side) of additional Gtruetural material to increase the bending 
and torsion flutter velocity from ^23 KEAS to ^68 KEAR , 

Spanwise-St if feued Design . — The spanwise-stif fened design was not optimized 
for flutter but the flutter weight penalty was estimaled using the daty uf 
the foregoing analyses. Estimates for the penalties associated with the span- 
wise design are presented in Section 12, Structural Concept Analysis. It is 
anticipated that since the spanwise-stiffened design has the greatest 
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WEIGHT INCREMENT -- LBS/SIDE 


(REGION 8 ONLY) 









rie:< i L i 1 I ty ^ the flutter weight penalties associated with this design will 
be the greatest. 

EilGINEERING DESIGN S TODIES - TASK IT 

The Engineering Design Studies of Task TT are directed toward the detail 
design and analyses of the structural approach selected as a result of 
the Task I Analytical Design effort. It is planned in three parts: 

1. Configuration Change Investigation - Task IIA 

2. Engineering Design Studies - Task TIB 

3. Final Design Verification - Task IIC 

Configuration Change Investigation - Task IIA 

An abbreviated study was ccnducted using the P-D NA5THAN structural model 
which incorporated tl\e airplane configurat icn changes identified in Sec- 
tion 2, Baseline Configuration Concept. These configuration changes are 
identified in Figure and include the shortened fuselage > the 

decrease in tip sweep, the increase in aileron area and the associated 
changes in the wing tip structural box. The fuel tank arrangement and 
fuel management were also changed to meet the specified center of gravity 
travel requirements. The element property specifications were identical 
to the chordvise stiffened arrangement of Task I, however, appropriate 
mass changes were included. 

S;/inmetric Vibration , A summary of the lower frequency s;;/nimetric vibration 
modes for the chordwise-stif fened arrangement is presented in Table 10-7 
for the aircraft weight of 750,000 pounds. Mode frequency comparisons 
(Hertz) are presented for the Task IIA and Task I chordvise stiffened 
designs. Rince both designs are represented by identical element flexi- 
bilities, the alight decrease in mode frequencies for the Task IIA design 
is primarily attributed to the increase in tip mass and the distribution of 
that mass. 

The associated vector plots for the full fuel and full payload (FFFP) weight 
condition are shown for the first eight modes in Figures IQ-I 45 through 10-52. 
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TABLE IC-T. LO’/v'SR EBEQUENCl SY?-mTRIC VIBRATION MODES - TASK i iA 
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1A5K IIB 


CHORDWJSE STIFFENED ARRANGEMENT 
MACH NO. = 0.9 WEIGHT - 750,000 LBS 


DAMPING 

FACTOR 



r Analysis - Task IIA 


Figure 10-53* S^/mmetric Flutte 



trie ^ 1 ut ter . — The results of the symetric flutter anaZyeis 


for 


Task IIA are compared in Figure 10-53 with the Task T findings. These data 
are based on an a:' roraft veight of 750,000 pounds at Mach 0-90 f’or the 
cherdvise stiffened design. The flutter speeds and flutter mechanism (bend- 
ing and torsion node} as displayed in the figure are virtually identical. 

Results . - The findings of this investigation as to the effect of the 
configuration and mass changes on flutter were significant. The fact 
that the resuiting flutter speed and mechanism were virtually Identical for 
conparcble condition, enables one to Interpret the Task I results into the 
Task II3 domain vith confidence. Thus, continuity between the initia] 
analytical task and the detail design studies is provided. 

Engineering Design Studies - Task I IB 

The configuration refinements identified in Section ?, Baseline Configu- 
raticn» were adopted for the Task II detail design study effort. The 
structural approach selected for further analysis was a hybrid struc- 
tural arrangement consisting cf the cherdwi se-st i ff ened design for the wing 
struct-nre inboard of BL hC6 and the mcnocoque design for the stiffness 
critical wing tip structure. A three-dimensional (3-B) structural model, 
described in the Analytical Methods section, was used with strength- 
designed element flexibilities. 

The vibration and flutter analyses for the strength- design cycle is pre- 
sented in Figure 10-5^. The interrelationship vith the other disciplines 
directly involved in the design cycle is indicated on the figure. The 
analyses were performed (i) to identify the critical airplane weight con- 
dition, (2) to determine the flutter speeds for the OKS and the FFFF weight 
conditions, and (3) to perform flutter optimization of the wing tip struc- 
tia-e to establish the optimum placement of the incremental stiffness over 
the strength-design to achieve the required flutter speed. 

Gymmetric Vibration . — Sj^ninetric vibration analyses were performed for the 
operating weight empty (OWE, 311,000 pound) and the full fuel and full 
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pa^^load (FFFP, 750,000 pound) weight conditions. The model analyses were 
conducted for an aircraft with s trengtii-desi gned f lexi hi 1 i ti en and mass 
distribution reflecting the configuration changes adopted (i.e., shortened 
fuselage, revised fuel tank arrangement (over Task l), increased low speed 
aileron area, increased engine size and mass). 

A suirmr.ary of the lover frecuency symmetric vibration modes and freq,uencies 
is presented in Table 10-8, Since the Task II3 airplane structural arrange- 
ment is a hybrid consisting of the chordvise-stiff ened and monocogue designs, 
a direct comparison with the Task I mode frequencies (Table lC-6) cannot be 
made. In general, however, the mode frequencies for the FFFP weight condi- 
tion for Task IIB exhibit slightly reduced engine pitch - in phase, engine 
pitch - out of phase, and wing first torsion mode frequencies. These reduced 
frequencies can be attributed to the greater engine mass and aft center of 
gravity for the wing tip structural mass resulting from the increased low 
speed aileron area incorporated in the Baseline Configuration for Task II. 

Symmetric Flutter . ~ Symmetric flutter solutions for the 3 II 1 SOO pound and 
the 750,000 pound aircraft are shown in Figures 10-55 and 10-56, respec- 
tively. These results for Mach 0.90 indicate two distinct flutter mecha- 
nisms; the bending and torsion mode and the stability mode. As noted on 
Table 10-9, the flutter speed for both weight conditions is 310 KSAS for 
the bending and torsion mode. The flutter speed for the stability mode is 
50 ^^ KEAS and 584 KEAS for the OWE and the FFFP conditions, respectively. 

These results when compared with the Task I findings indicate that the 
flutter speed for the strength-designed hybrid aircraft is lower than the 
monocoque and the chordwise-stif fened designs of Task I. 

Flutter Optimi zation . — The optimization of the strength- designed aircraft 
was performed to define the weight penally attributable to flutter on an arrow- 
wing configuration supersonic cruise aircraft (taxi weight of 750,000 pounds). 
The symmetric bending and torsion mode flutter mechanism for the Mach O. 9 O 
FFFP condition was addressed. Figure 10-57 shows the and 1.2 envelope 
as a function of pressure altitude versus knots equivalent airspeed overlayed 
with the andlysis Mach number line of O. 9 O, The flutter speed of 310 KEAS 
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TABLE 10-8. LOWER FREQUENCY SYfWTRTC VIBRATION MODES - STRENGTK DE 
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OWE ~ WEIGHT = 31 1,000 LBS. 
FFFP- WEIGHT = 750,000 LBS. 
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Figure lO-'p ’. Flutter Speeds for Gyinmetric Bending and Torsion Mode 
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TABLE 10-9. SUl-IMARY CF FUJTTER SPEEDS - STEENGTK DE3IGIJ 




STRENGTH DESIGN: MACH 0.9. SYMMETRIC BOUNDARY CONDITION 


(OWE AND EFFP) - 310 KEAS 
(OWE) = 504 KEA5 

(FFFP) ^ 584 KEAS 


(BENDING AND TORSION MODE) 
(STABILITY MODE) 

(STABILITY MODE) 


for the streiigth-designed aircraft is also shovn. Through the flutter 
optimization process (discussed in the Analytical Methods section) the 
flutter speed was increased heyond the 1.2 boundary to 1*70 KEAS, 

The previous solution for the inonoccque design (Task I) showed the effec- 
tiveness of stiffness and mass additions to the wing tip structure to 
achieve the desire flutter speed . It was also shown ohat the bending and 
torsion mode flutter mechanism was controlled by the wing inertial and 
flexibility characteristics outboard of BL U70. Thus, to establish the 
stiffness requirements for flutter suppression the optimisation effort 
focused on the wing tip structure. 

Five design regions were defined for the wing tip structure planform (in 
lieu of 2 for Task I ) as indicated on Figure 10-58. The selection of these 
design regions was based on (l) a review of the Task I results highlighted 
above, (2) the anticipated structural arrangement for the honeycomb sandwich 
s^urface panel design (i.e., panel size, joints, substructure ) and (3) the 
structural behavior (deformations ) of' the strength-designed wing tip struc- 
ture. The establishment of the design region boundaries censidered the 
locallun of the wing vertical and appropriate ribs and spars as may be 
required. However, the primary influence in the selection was the natural 
boundaries defined by the structural model, as shown in Figure 10-59. 

The flutter optimization was completed and incremental stiffness additions 
to the wing tip structure identified to achieve 170 KEAS. The optimization 
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Figure 10-50. 
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Figure IO-60. Surface Panel Thickness - Stiffness Eequirenents 
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process included constraints inposed by design and manufac luring 
considerations. Fifty modes were used for modalization in the Task II 
optimization. Four l88th order vibration analyses were conducted curing 
the optimization process. These cases assured that proper mode shapes 
were being used as the optimization process continued. Each vibration, 
case reflected the stiffness and mass changes called for by the graphics 
program at that point in the process. The steps taken in the optimization 
process are detailed below. Tabulation of the step by step data is shown 
in Table iO-10, 

(1) An examination of the strength requirements of Task TIB and 

Lhe stiffness requi'''empnts of Task I reveals that ari incre- 
ment of approximately 700 percent is necessary to approach 
the arit-I cipat'^d thickness r'equi rement . This requires the 
calculation of a sufficient number of to trovide valid 

results. It was determlred in Task I that If there was a 
large increase in thickness required in one region, non- 
linearities introduced inaccuracies, This problem could be 
avoided if structure were added to the analysis model to bring 
it closer to the expected solution. Again, Task I experience 
indicated that up to an increase of IOC percent, the design 
variables were very close to being linear. 

(2) A modified base structure was establisned by making appro- 
priate changes to the KASTRAN elements for the upper panels 
(CQDMEM), the lower panels (CQDMEM), and the front and rear 
spar webs (CSHEAB). 

The modifications (At) were made ccnsislent with the incre- 
ments, shown on Table IC-Il. The center panel thicknesses 
for the modified base case are shown; modifications to the 
fore and aft panels were similarly made* The estimated 
weights for these modifications were 715 pounds and . 1;2 pounds 
(per side) for the panels and spar webs, respectively. 

A computer run was made using MASTRAN to generate a new base 
stiffness matrix for the changes described above. This modified 
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TABLE 10-11. CENTER PANEL TKICia-JESS - 


MOPIFTED 3ASE CA.SE 


Design 

Region 

Strength 

Modification 

Percent 

Anticipated 

Modified Base 

t 

(in.) 

At 

(in.) 

Modification 

(A-%) 

Solution 

(in.) 

tu 

(in.) 

t| 

(in.) 

1 

0.030 (u) 
0.035 (1) 

0.120 

400 

1 0.260 

0.150 

0.155 

2 

0.045 (u) 
0.053 (1) 

0.090 

200 

0.260 

0.135 

0.143 

3 

0.062 (u) 
0.073 (1) 

0.062 

100 

0.120 

0.124 

0.135 

4 

0.073 (u) 
0.091 (1) 

0 

0 

0.073 

0.073 

0.091 

5 

0.090 (ul 
0.110 (1) 

- 

0 

0 

0.090 

0.090 

0.110 


NOTE: (u), upper surface thickness 

(I), lower surface thickness 
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base, shown in Table IG-IO, is the basis for the subsequent 
flutter optimization effort. 


(3) Fifty mode shapes from the streiigth-si zed vibration case were 
used to modalize [afJ and j matrices for use In the opti- 
mization process. The first cycle in this process yielded 
the OPT-1^ structure. The mathematical model was updated to 
correspond to this structure and another vibration case was 
run, 

(t) These modes were used to update f remodalize ) the and 

[am] matrices, and the graphics program was used for opti- 
mization —yielding the 0?T-2^ structural solution, 

(5) The OPT-2’ structure was used in a l88th order vibration case 
and the resulting modes used to update [AkJ^s and [AMJ hs . By 
moving the structure from regions 1 and 2 to h and 5a tdje 
flutter speed decreased from ^55 P3CAS for the OPT-1' structure 

to 4l6 KEAS for the OPT-2^ structure. It was observed that w 

this movement increased the frequency of mode 1 and decreased 
mode 8, the two modes which interact to cause flutter, 

(6) With the decrease in the flutter speed noted, it was then 
decided to go back to the OPT-1^ structure and make on] 3^ a 
25*percent change in the existing structural distribution. 

With this limitation, the OPT- 3 structure was calculated, A 
50th order vibration analysis was conducted on the graphics 
scope and the results showed very little frequency shift (or 
change in eigenvectors) for this structural distribution. 

(7) Remodalization with 50 modes from the OPT-3 structure was 
performed and tbrc»ugh graphics flutter analysis it was deter- 
mined that a flutter speed of ^68 KEAS was achieved. The 
flutter weight penalty was IIU5 pounds (per side) . 

(8) Continuing to optimize with the above modes, the OFT-i* 
structure was established. The resulting weight penalty for 
flutter was 1122 pounds (per side), thus indicating that the 

KJ 
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distribution of stiffness vas approaching an optimura, A 
revipv of Uie x->anel thicknesses, ho^fever, indicated that the 
distriDutior was not favorable from the design and inanu- 
rH<‘turing viewpednt. 

(9) A review of the center panel thicknesses for regions 3, 

and 5 for the OPT-3 and the OPT--M structure indicated thick- 
ness variations from 0,G80 to 0.123 inch and 0.080 to 
0,125 inch f'or the respective structure. Furthermore^ review 
of Uie structural arrangement drawings revealed that the wing 
fin is diagonally located in these regions. Practically, it 
would he highly desirable If the th: ckness of the three 
regions were identical. Therefore, 0.125 inch was selected 
for center panel thickness for regions 3, and 5« 

(10) To determine the approximate weight penalty over a flutter 
optimum case, further analyses on the graphics scope were 
performed. Two cases for further analysis were identified; 

Case A Regions 3, and 5 = 0.125 inch 
Regions 1 and 2 optimized 
Case B Regions 3, 4, and 5 = 0,125 inch 
Region 1 = Region 2 

Case A resulted in the OPT— 5^' structure and a total flutter "weight 
penalty of 1126 pounds (per side). The thickness requirements 
for regions 1 and 2 were 0.120 and 0.1?6 inch, respectively. 

Case B resulted in the OPT-5 structure and a total flutter weight 
penalty of 11^2 pounds (per side). The best solution previously 
(with good mode shapes) was the OPT-4’ structure which resulted 
in a total flutter penalty of 1122 pounds (per side). Thus it 
appears that the weight penalty for (B) is approximately 
20 pounds per side or ^0 pounds per aircraft, A continued 
optimization/remodalization process could possibly result in less 
penalty than 1122 pounds (per side) for the OPT-^' structure, 
however, it is unlikely that it woilIc. be substantially less. 
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Thus, it appears that the above manufacturing constraints do 
not add a sigr.irica.nt amount to the flutter weight penalty. 

(11) A l83th order modal update was performed with the CPT-5 
structure producing the QV15 mode shapes. [ AK] ' s and[AH]'s 
were reiriodall zed with these results. With these new mode 
shapes the flutter speed for the OPT- 5 struct ^ore was 

165.6 KEAS, 2.4 KEAS from . 2 V^. 

(12) For the final structure, the Case B approach was adopted 
from the standpoint of overall pract icabl 11 ty and near 
T.lnimujn weight. It was further decided to require a flutter 
speed of 4T0 KEA3, allowing the additional 2 KEAS , to 
account for the assumption of linear kJ*s and for the fact 
that the l88th order remodali zat ion does not. reflect a true 
sizing change. 

The final solution was the OPT-6’ structure, which resulted in a 
1201 pound (per side) increase over the strength-design. Thus 
the flutter weight penalty, considering design and manufac- 
turing constraints, for the Baseline Configuration for 
Task II is 2U02 pounds. The center panel thickness for 
Regions 1 and 2 is 0.l66 inch and fcr Regions 3, 4, and 5 
is 0.125 inch as shown in Table 10-10. The corresponding 
panel thicknesses for the lower siurface and the fore and afo 
panels are presented in Figure 10-6c. 


Final Design Verification Studies 


The element specifications of the strength/stiffness design reflect the 
changes to the airframe resulting from the strength analysis (including Jig 
shape assessment), stiffness requirements and the associated structural 
weight distribution defined by the fluoter optimization results, and design 
and manufacturing considerations . The latter includes further consideration 

f 

of uniform thickness of material over a complete design region (reference 
Section 1?, Structural Concepts Analysis). 
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The vibration and flutter analyses for the strength/stiffness design cycle 
are presented in Figure 10-61. The interrelationships with the structural 
:u::del anl unstealy aerodynamic data requirements for the flutter analysis at 
Mach 0.60, Mach 0.90 and Mach 1.85 are incif’ated on the figure. 

The results of the modal and flutter analyses verify the capability of the 
finaj design airplane to meet or exceed Lhe spec^ified req ji ?"ements , Further- 
more, if deficiencies are identified, farther recommendations for research 
and development studies are delineated. 

Symmetric Vibration. — Symmetric vibration analyses were conducted for the 
operating weig>it empty (OWE) and the full fuel and full payload (FFFF) 
weight conditions. These extreme weight conditions represent an airplane 
weight of 31^,000 pounds and 750,000 pounds, respectively. The 3000 pound 
increase in the OWE is the collective result of structural penalties for 
flutter and additional strength requirements, 

A summary of the lower frequency symmetric vibration modes and frequencies 
is presented in Table 10-12. The mode frequency (Hertz) comparison with the 
strength-design (Table 10-8) indicates that for both weight conditions all 
modes, with the exception of the fuselage second bending mode for the OWE 
condition, exhibit an increase in frequency. The associated vector plots for 
the full fuel and full payload (FFFP) are presented in Figures 10-62 through 
10-TO for the firot nine modes. Tlie vector plots for the operating weight 
empty (OWe) condition are presented in Figures 10-71 tTir on gh 10-79 for the 
same nine modes , 

Antisymmetric Vibration . “ A summary of the lower frequency vibration modes 
for the final design is presented in" Table 10-13, The summary compares the 
mode frequencies for the final design and the chordvise stiffened design of 
Task I for the full fuel and full payload weight condition. All frequencies 
are approximately the same with exception of the fuselage second bending mode 
which is less for the final design, 

Symnetrie and Antisyirmetric Flutter . — Gymmetric and antisymmetric flutter 
analyses were performed at Mach 0,90. The significant symetric flutter 


mcdes are shown in Figures 10-80 and lO-Sl. ilote that the synmetric bending 
and tcrsicn flatter speed for the 314,000 pound and the 750,000 pound air- 
plane arc almost identical. This was also true for the strength-designed 
airplane analyzed in Task IIB (Table 10-9), These results Imply that the 
flutter speed is insensitive to fuel and payload scheduling. The anti- 
symmetric! flutter speeds for the 750,000 airplane were well In excess of 
600 KEAS . 

The di fference between tlie KEAS flutter speed and the desired U70 TCFAS 
for an optiminTmi design can be explained by the changes due tc design and 
man ufactii ring considerations which were ma.de to the structure after a 
Aflutter optinumi^^ design [OPT-6') had been computed {reference Section 12, 
Structural Concepts Analysis), This was proven by resizing the NA3TRAW 
model to correspond exactly to the OFT-6’ structure and conducting a vibra- 
tion and flutter analysis on this structure. The result was a flutter speed 
of h75 KFAS; the 5 KFAS difference being explained by the assumption of 
Linear stiffness variation for design variables in Task II. Thus the 
validity oT the optimization method was demonstrated. 

The 31^<,000 pound airplane for the symmetric boundary condition exhibited 
the lowest flutter speed, thus this condition was selected for the flutter 
investigation at Mach O.60 and Mach I.85. 

Figure 10-82 presents the results of the symmetric flutter solution at 
Mach 0.60. The damping factor versus flutter speed variation for Mach 0.60 
displays three distinct flutter iriechanisms : the bending and torsion mode, 

the stability mode and the hump mode. The flutter speed for the stability 
mode is AlO KEAS and the bending and torsion mode flutter speed is 639 KEAS. 
These mode shapes and the resulting flutter speeds are very similar to the 
Task I chordwlse stiffened design shown earlier on Figure 10- I8. It is 
noted that the stability mode characteristics remain essentially unchanged 
by the stiffening of the wing tip struct'ore. 

The symrretrie flutter analysis results at Mach 1.85 are presented In Fig- 
ure 10-83. The flutter mechanisiriG observed for this Mach number are the 
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'/J3LE 10-12. LOWER FREQUENCY SYMffiTRIC VIBRATION MODES - EIIIAL DFSIGN 
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P^isiire 10-61. Design Cycle - Strength/ Stif fne 











^ -^uOtS FFFF 3-D MQODL ^ft5K I \B 

P^FQIJENCt = OA'lCU M? 


Fxgjre 10-62. Synimetric Vibration Mode 1 - FFFP 
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Figure 10-63. Syimnetrie Vibration Mo^?e 2_- FFFP 
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Fipure 10- 6U. Symmetric '/ibration Mode 3 - FFFP 
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Figure 10-65. Symmetric Vibration Mode U - FFFP 
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Figure 10- 66. Symmetric Vibration Mode 5 - FFFP 
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Figure 10-6'7- Synmietric Vibratlor Mode 6 - FFFF 




10-85 









5TWETBIC VieaflTION HOOFS FFFP 3-C MOOEL -rfljK I.B 
FHEOUENC1 =■ 2.478 HZ 

Figure 10-68. Syrametric Vibration Mode T - FFFP 
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Figure 10- 69 . Symmetric Vibration Mode 8 - FFFP 
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Figui e TO 70. Symmetric Vibration Mode 9 - FFFP 
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Tigure 10-71. Symmetric Vibration Mode 1 - OWE 
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Figure 10-72. Symmetric Vibration Mode 2 - 0 "a"E 
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Figure 10-73- Syinmetric Vibration Mode 3 - OWE 
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Figure 10-7'‘. Symmetric Vitratlnn Mode i+ - OWE 
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Figure 10- 75- Symmetric Vibration Mode 5 - Q¥F 
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Figure 10-T6. Symmetric Vibration Mode 6 - Ciffi 
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Sj’-nanetrlL! Vibration Mode 8 - OV7E 
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Figure 10-79. Symmetric Vibration Mode 9 - OWE 
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TABLE 10-13- LOi^^BR FREQUENCY ANTISYMT-IETRIC VIBRATION MODES - FINAL DESIGN 
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FINAL DESIGN 

MACH 0.90 WEIGHT = 314.000 LB 



Figure IO-8O. SyFLT.ctric Flutter Analysis - Macr: 0.0 - OWE 

FINAL DESIGN 

MACH 0.90 WEIGHT = 750.000 LB 



Figure IO-81 . 
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Mach 0.9 - FFFP 
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DAMPING FACTOR 





bending and tr^rsion mode and the stability mode. The resulting flutter 
speeds are 56;l ilEAG and 770 KEAS I'or the respective modes noted above. 

Figure 10-8^^ presents the zyvmetvio^l flutter speeds for the bending and 
torsion mode. Although the 1.2 boundary is cleared at Mach 0,60 and 
Mach 0 . 90 , only 1,07 is achieved at Mach I. 85 . 

The syrumetric stability mode flutter speeds are shown in Figure 10-83 . The 
flutter boundary defined by the cross-hatched line indicates that the flutter 
speeds ore very sensitive to Mach number, unlike the bending and torsion 
mode. Foi’ the stability mode, the flutter boundary is cl eared at the higher 
Mach numbers, however, the results indicate 1.05 at Mach O. 60 . 

A summary of flutter speeds as the result of the Task II strengoh-design and 
final design analysis is presented in Table 10-14. Relative to the flutter 
speed requirements defined by the design flutter boundary, all Mach numbers 
investigated have adequate flutter margins of safety with the exception of 
the following: 

( 1 ) At Mach 0 . 60 , a flutter speed deficiency of 20 KEAS for the 
stability mode 

(2) At Mach I. 85 , a fluLter speed deficiency of 67 KEAS for the 
bending and torsion mode. 

The deficiencies indicated above were corrected and appropriate weight 
penalties determined. The results are reported in the Sensitivity Studies 
subsection, A valid preliminary design definition of the arrow -wing configura- 
tion supersonic cruise aircraft was established. 

It is speculated that the Mach 1.85 aeredynami cs might yield a conservative 
flutter speed. This is based on the fact that: 
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igure 10-8^4. Flutter Speeds for SymEetrie Bending and Torsion Mode 



Figure IO-85. Flutter Speeds for SjTnmetric Stability Mode 
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TABLE .10-li*. SUI/imRY OF FLUTTER SPEEDS - TASK 
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(A) OWE = 313,842 LB.; FFFP = 750,000 LB. 
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The wing-to-ving fin aerodynamic interference Is not included 
in the Mach Box aerodynainicG . The significance of this effect 
is displayed in Figure 10-3 and discussed in the Aerod;',mainic 
Formulation section. For the Mach 1.85 aerodynamics where this 
effect is not included, the CC^/CC^^ is relatively greater out- 
board of the ving fin than for the aerodynamics where this 
effect is included. This is significant since it was also 
shown (Figure 10-27) that the wing tip region characteristics 
impact the bending and torsion mode flutter. 

(2) The locus of the aerodynamic centers is not a contimi' us func- 
tion or: the wing tip as shown on Figure 10-3. This effect 
could also affect the flutter speed and suggests that a finer 
Mach Box grid be considered for the wing tip or the wing tip 
aerodynamic center be adjusted to reflect measured values. 


Flutter Recommendations 


The following sensitivity studies are recommended to be conducted to support 
the current studies relative to defining the Final Design of an arrow-wing 
configuration supersonic cruise aircraft that fully meets the flutter 
requirements of the design envelope. These studies, when completed will 
be dcc^umented under the Sensitivity Study section. 


1.85 Convergence Study - Establish two Mach Box grids, one 
corresponding to that used in the study and one finer, with a 
plane of symmetry at the BL J+ 70 , Calculate the aerodynamics 
and determine the flutter speeds. 


(2) Mach 1.65 Flutter Optimization - Determine the stiffness and mass 
increments required to clear the 1.2 envelope using the graphics 
flutter analysis system (refer to the Sensitivity Studies subsection). 


(3) Mach Q .60 Stability Mode Flutter Study - Use a bending beam analogy 
for fuselage stiffening in order to determine the weight penalty 
required to suppress the stability mode flutter (refer to the 
Sensitivity Studies subsection). 
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SE^iSITIVITY STUlJlES - TASK III 


Stability Mode Flutter Invcctigation 


j-he final design verification study (Task IIC) resulted in a Stability Mode 
flutter speed of AlO KFAS at Macli 0.60. In order to gain further understand- 
ing of the flutter Triechahlsm involved, the participation coefficients vere 
examined. In addition, a struct mode frequency sensitivity study was 
jjer formed using the f^f^bics flutter analysis system. 

Participation Coefficients . - The participation coefficients for the 
Stability Mode are shown in Figure 10-86, These participation coefficients 
are show, for the airspeeds of 250, 300, 380, kpO and KEAS, Only the 

par-sici pati or: coef ficients with significant amplitude are displayed. Certain 
observations can be made on the participation coefficients of Figui^e 20-86, 
namely : 

• A.t the lover airspeeds, the Wing First Bending Mode (zero air- 
speed Mode 1^0. 3) is the principal contributor. But as the 
airspeed increases, the Wing First Bending Mode exits as a 
contributor. 

• As airspeed increases a Rigid Body Mode (zero airspeed Mode No, l) 
becomes the principal contributor. 

m At the flutter speed a Rigid Body Mode (zero airspeed Mode No. l), 
an Engine Pitch Mode (zero airspeed Mode No. k) and the Fuselage 
First Bending Mode (zero airspeed Mode No. 5) sre the prime 
contributors. 

The participation coefficients thus show that the most likely way to increase 
the flutter speed of the Stability Mode is to change the character of the 
Fuselage First Bending Mode and/or the character of the Engine Pitch Mode. 
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Stru:^tural Mode Frequency Pertur'batlons . ~ An aljbi'OYiat.ed study was made using 
the grai)hics system tc perturb the frequencies of the first three structural 
modes to determine the effect on the Stability Mode flutter speed. The 
investigation was approached from the standpoint of a sensitivity study in 
that the percent change in frequency required to raise Uie flutter speed by 
a given amount was determined. 

The results obtal nod for the first three structural modes are presented in 
Table 10-15. 

Tne vibration mode shapes associated with tnese modes are presented in Fig- 
ures 10-87a 10 - 88 , and 10—89* These mode 3 were selected for the study based 
on the magnitude of their participation coefficients as determined from the 
flutter analysis. The results indicate that all three modes require an 
increase in frequency to obtain an increase in flutter speed, however. Mode h 
is the most effective. Figure 10-83 shows; the motions associated with Mode 
In addition to wing tip bending, the inboard engine pitch and fuselage motions 
are also predominant. Those results indicate that a relatively small per- 
centage change (1.07 percent) in Mode I is required to raise the flutter 
speed 5 KEAS. 


TABLE 10-15. STRUCTURAL MODE FREQUENCY SENSITIVITIES 


— 

Mode 

No. 

Vibration 

Frequency 

(Hz) 

PT Utter 
Speed 
(KEAS) 

Requi red 
Increase in 
Frequency 
{ Percent ) 
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Figure 10-57. 


Symmetric Vibration Mode 3 
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Figure 1C- 89. Symmetric Vitration Mode 5 


The results of this abbreviated stud^ show significant trends but do not 
provide meaningful design information as to what physical characteristics of 
the airplane need to be changed and by what amount, to most effectively obtain 
the desired increase in frequency in Mode ^4 . The mode shape in Figure 10-88 
indicates that _ the inboard engine and fii.^^elagc are prime candidates. The 
wing tip is not a candidate as indicated by the ineffectiveness of Mode 3, 
which is primarily wing tip bending. 


Engine Placement Investigation 

The engine placement investigation was conducted to provide design data to 
support the Propulsicn-Air frair.e Investigation Study {Section I9) to establish 
the best aft mounted installation for the propulsion package. This study was 
performed at the conclusion of Task I and made use of the chordwise stiffened 
design analysis model (2-D NASTRAN), The model reflected an airplane with a gross 
taxi mass of 750j00C pounds and addressed the Mach 0,90 bending and torsion mode 
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ilutter iDechaniGX . The flutter speeds were detei'mined for the various engine 
locations ideutifled below and displayed on Figure 10-90; 

(T) 3a seline engine location 

Inboard engine forward - the center of gravity of the inboard 


ine was moved to the foi'vard engine mount (approximately 
\ 


eng 


100 1 aches 



CutDoard engine over the inboard engine - the outboard engine 
mass was zeroed and the inboard engine mass doubled 

Outboard engine forward - the center of gravity of the outboard 
engine was moved to the forward engine mount (approximately 
100 inches ) 



Both engines forward - the centei- of gravity of both engines 
were moved to the foiuvard engine mount (approximately 100 inches) 


FLUTTER 

SPEED 

(KEAS) 


symmetric bending and torsion mode 

CHORDWISE STIFFENED ARRANGEMENT 
WEIGHT = 750,000 LBS. MACH 0.90 





Figure 10-90. 


Flutter Speed Variation with Engine 


Placenent 
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All oV i-he engine placement variations from the- baseline resulted in an 
increase in the bending and torsion mode flutter speed. 

Th is i n ve s t i g a t i c li did not a ddress the s t ab i 1 i t y mo de . This no de may be mor e 
nensinive tc the engine placement than the bending and tension mode. 


Engine Support Stiffness Investigation 


The engine support stiffness investigation was performed by investigating the 
bending and torsion mode flutter to establish design trends that might be 
applied to the Propuls ion-AirTrame Integration Study reported in Section 19- 
This abbreviated study provided structural mass trends as the stiffness of the 
outboard engine support structure (rail) was varied from the baseline design 
(i.e., deflection design of 1-degree/unit vertical load factor). Only 20 
eigenvectors were used for mod all zat ion, and no updating of mode shapes was 
done during the rail stiffness variations. The folloving analysis should be 
viewed, therefore, as a trend study and not a detailed, complete analysis. 

The study was cend acted using the graphics flutter analysis system, making 
use of the flutter optimized chordwise stiffened design. The Mach O.QO 
symmetric bending and torsi on mode flutter mechanism was addressed for the 
full fuel and full payload weight ccrxdition. 

The *^softeni ng” of the engine rail was reflected by the removal of mass 
corresponding to a prescribed stiffness. Through the optimization process, 
the bending stiffness and the torsional stiffness of region 8 was altered 
from the baseline design tc achieve the required flutter speed of 1,2 
(a 68 ICBAS), Figure 10-91 shows the potential structural mass saving by 
decreasing the engine support stiffness to a value somewliat less than the 
1-degree/g used for the design. As indicated on the figure, the deflection 
design criteria requires 1105 po*unds in region 8. This corresponds to the 
U 25 pounds of spanvise bending material and 680 pounds of material for torsion 
displayed on Figure 10-^2. As mass is removed from the engine rail, addi- 
tional bending material and a decreasing amount of torsion material was 
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required to achieve i;68 KEA3. The net effect was the decrease in the 
fiutter weight increment (i.e., mass increment to region 5 3 ess the dehta- 
rail weight) as the engine rail stiffness /mass was reduced. 


CD 



Figure -0-91. Engine Support Stiffness Sensitivity 
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Mach 0.60 and Mach 1.85 Flutter Investigations 


Investigations vere conducted to determine the stiffness required and structural 
mass trends on the ving tip and engine support structure of the Final Design 
airplane. The graphics flutter analysis system vas employed to establish the 
most effective regions and amount of stiffness/mass required. 


Ba ckground . ^ The vibration and flutter analyses performed on the chordvise- 
stiffened, the spanvise-stiff ened , and the monocoque structural arrangements 
(Task I), indicated that the symmetric bending and torsion mode for the full- 
fuel and full-payload (FFFP) condition at Mach 0.9^ resulted in the lowest 
flutter speed. The evidence of the stability mode flutter mechanism for the 
operating weight empty (OWE) condition at Mach 0.60 vas also noted. The results 
of the analyses suggested that stiffening the wing tip structure would eliminate 
the hump mode flutter and would permit the bending and torsion mode flutter 
speeds to be increased beyond the 1.2 envelop>e. Elimination of the stability 
mode flutter would most probably be accomplished by stiffening the fuselage or 
the engine support structure. It was recognized early in the program that all 
inodes of flutter must be eliminated in the final design of the arrow-wing con- 
figuration supersonic transport. The planned changes with regard to the fuselage 
geometry and structural representation, the aerodynamic static margin, the center- 
of -gravity Iccaticn and the pitch-moment of inertia for the Detailed Engineering 
Design Studies (Task II) would impact the stability mode flutter speed in a 
manner yet unknown. As a consequence flutter optimization vas not perfornied for 
the stability mode at that time. 

Thus, evaluation of the various ving structural arrangements vas accomplished by 
addressing the symmetric bending and torsion mode flutter mechanism at Mach 0.90. 
Incremental stiffness requirements and resulting mass additions to increase the 
flutter speed beyond the 1.2 Vj) envelope of ^ 68 -raAS ( 867 -km/h) were established. 
For the Final Design airplane, a verification study vas performed to determine 
the flutter speeds at the study Mach number (Mach O. 90 ), a critical supersonic 
Mach number (Mach 3,85) and a reduced subsonic Mach number (Mach O. 6 O). Flutter 
speed deficiencies vere noted for both the supersonic and reduced subsonic 
conditions (Figure 10-92), thus, the following investigations were performed. 
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Flutter OptlTnizatlon - Mach I > 85 . - The flutter analysis performed for the Final 
Design airplane shoved a flutter deficiency of 67-I^^AS (12^-km/h) at Mach 1 , 85 , 

To determine the required structural changes to correct this deficiency, flutter 
optimization studies vere conducted to establish the incremental-stiffness and 
mass required using the graphic flutter analysis system. 

Results of the flutter analysis for the Final Design airplane are shown in Figure 
10-93, and indicate a flutter speed of 563-KEAS (l0U3-km/h) for the bending and 
torsion mode. The deficiency in flutter speed is also displayed in Figure 10-92 
by the flutter boundary indicated by the cross-hatched lines. 

Surface panels of O.OS-inch (0,002-m) and 0,0^-inch (O.OOi-m) thickness vere used 
to form [a k] and [am] matrices for Regions 1 and 2 (Figure 10-9^). In addition, 
[am]'s vere formed to investigate the effect of adding mass ballast alone along 
the leading edge (Design Variables 3 through 10). 

Two remodalizations vere conducted, each reflecting an increase only In Design 
Variable 2, since it remained the most effective throughout the analysis. The 
base vibration case and two updates are identified as QVI 6 ', and QVIT . 

Frequencies from these vibration cases are tabulated in Table IO-I 6 . The flutter 
speed for the structure which produced the new modes was also calculated after 
each update. The final solution to reach 1.2 Vp was 599*lb (272-kg) of structure 
added to Design Variable 2. This incremental mass (per side) must be added to 
the Final Design airplane. The final thickness for the wing tip box surface 
panels and spar webs are shown in Figure 10-95. 

The final structural solution from the Mach I .85 optimization was used in the 
flutter analyses for the other two Mach numbers which were investigated. The 
final flutter speeds for the bending and torsion mode are given below: 


Mach No. 


0.60 

695-KEAS 

(1287-km/h) 

0.90 

615-KEAS 

(1139-tan/h) 

1.85 

630-KEAS 

(1167-km/h) 


The points are displayed on the design envelope of Figure 10-96. No appreciable 
change in flutter speeds for the stability mode resulted from this addition. 
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TABLE 10~l6. VIBRATION RESULTS - MJICH 1.85 OPTIMIZATION 


MODE 





RO. 

MODE DESCRIPTION 

(Base) 

QVI6 

QV17 

5 

Wing 1st Bending 

0.996 

1.006 

1,012 


Engine Pitch In Phase 

l.i*99 

1.501 

1.501 

5 

Fuselage 1st Bending 

1.645 

1.6i47 

1.617 

6 

Engine Pitch Cut cf Phase 

1.752 

1.7S3 

1.802 

'7 

[ 

Fuselage 2nd Bending 

3.025 

3.01*3 

3.053 

8 

Wing Torsion 

3.69U 

3.TI8 

3.729 

Structural Mass lb. 

0 

351.56 

593.29 

(Added to D.V.2) (kg) 

(0) 

(159.1*6) 

(269.11) 

V-p Flutter Sneed KEAS 

557.5 

599 

629 


(fcn/h) 

(1032) 

(1109) 

(1165) 

t 


Flutter Optimisation - Mach 0.60 . - The Final Design airplane showed a stability 
mode flutter speed of Aio~KEA.S ( 759-hm/hr) for Mach 0.60. This flutter analysis^ 
shown in Figure 10-97, gave a flutter speed 58-KEAS (l07“lan/h) less than required 
by the 1,2 Vj^ envelope shown in Figure 10-92, 

Sensitivity Studies (described earlier) of participation coefficients for this 
case and pert'orbations of the frequencies of the first three structural modes 
indicated that adding structure to the fuselage and inboard engine support beam 
may increase the flutter speed. As a more physically meaningful investigation, 
bending beams were attached to the fuselage and support beams. 

Five beams, having one bending clement between each of the 25 fuselage grid 
points, were modeled using the bending stiffness data of Figure 10-98. The two 
beams at the extreme ends of the fuselage were given a tapered distribution as 
indicated. Because pitching rotations for the fuselage were not available in 
the 188th order system, it was necessary to overlap the beams to transfer bending 
moments from one beam element to the next. These beams, as shown in Figure 10-99, 
were the first five design variables used in the graphics flutter optimization 
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Figure 10-9^* Design "Regions and Variatles for Mach 1*85 Flutter Optimization 



Figure 10-95. Surface Panel and Web Thickness - Mach 1.85 Flutter Optimization 
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Figure 10 - 56 . Mach 1.65 Flutter Optimization RssultD - Bending and Torsion Mode 


FINAL DESIGN 

MACH 0 60 WEIGHT - 314.000 LB 



^00 200 300 400 500 600 700 


VELOCITY -.KE AS 

Figure 10-97. SyTimetric Flutter Analysis - Mach 0.60 - OWE 
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Figure 10-99 • Design Variables for Mach 0.6 Flutter Optimization 
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progron, resign Variable 6 consisted of a uniform beam added to the inboard 
engine support beam from F.S. 2565 to F.S. 2800, lesign Variable T vas a unifcrm 
beam added to the outboard engine support beam from F.G. 2614 to F.S. 285p. 

Both engine support beam[AK]’s were calculated using a constant Elyy of 10^^ 

(2870 All of the design variables consisted of [AK] matrices only; no 

change in mass vas included since the applicabion of boron-aluminun composite 
reinforcement would yield increased stiffness at potentially less mass. 

An initial investigation of frequency snxft due to several of the Design Variables 
(DV3, DV 65 and DV7) was conducted using computer graphics. The |AK] matrices, la 
modalized with 50 eigenvectors from case If/24, were scaled by a factor and then 
added to the base modalized stiffness matrix. Vibration analyses were then per- 
formed on these 50th order matrices; the results ai*e shorn in Table 10-17. The 
previous sensitivity study indicated that it was desirable to increase the fre- 
quency of the 1.499 Hz mode; increasing the inboard engine support beam 
accomplished this objective. 


TABLE iO- 17 . VIBRATION ANALYSIS RESULTS-50TH ORDER 



The graphics flutter optimization program was used to calculate sensitivities 
and to find an optimum solution. The structure vas optimized, constraining 
to be ij68-KSAS (867*-hm/h), and a l88th order remodalizati on vas conducted. 
The solution, using these modal shapes as generalized coordinates to repre- 
sent the structure, resulted in stiffening the aft part of the inboard 
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engine support be^irii to increase KT *by 0.^665 x (l3^5TN~n:‘“) , 

Stiffening of the fuceleige, as suggested by the frequency perturbation 
approximation, vas relatively inefficient when the necessary mass increase 
was also included. 

The above solution should be viewed as approximate, inasmuch as several shortcuts 
were employed. These were the following: 

(1) Simple beams were strapped to existing structure - this avoided 
resizing the NASTHM model. However, because rotation degrees of 
freedom were not explicitly retained, some error was introduced when 
the scaled [kJ matrices and the base stiffness matrix, all of which 
are reduced, were added together in the optimization process. Implied 
to this is the assumptions that design variables are linear, 

(2) The mode shapes were updated by scaling the l8Sth order [K] matrices 
and adding these to the base stiffness matrix. The resulting vibration 
case does not correspond exactly to a model sizing change. 

In spite of the approximate nature of the final solution, it is felt that the 
study pointed out the proper structural parameters which should be changed in 
order to clear the envelope. In addition, an approximate idea of the magnitude 
of these changes was obtained. 
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POINT DESION ETr/IP.ONN!EHT 
INTRODUCTION 

The environmen't imposed, on the supersonic cruise aircraft during its flight 
schedule vas defined and used as the basis for evaluating the structural concepts. 
The procedure used for specifying the load-temperature environment was as follows: 

(I'l Specific regione of the wing and fuselage were selected to use as point 
design regions for conducting tne d.etaiu structural analysis, 

(2) Load Intensities and thertial strains (if applicable) were defined for 
each region using the results of the NA3TRAN internal loads solution. 

( 3 ) Rornal loads acting on these regions were specified, considering both tne 
aerodynamic pressure and/or fuel inertia heads. 

(U) Average component temperatures and gradients associated with the structure 
were compiled using the results of the aerod^ynamic -heating analysis, and 

( 5 ) The results of the above analyses were combined to specify the complete 
load-temperature environment at each of the point design regions. 

The point design environxments resulting from using the above procedure are described 
In the following text for the Task I, Task II/V, and Task 113 investigations. 

AIRPLANE DESIGN ENVIRONMENT - TASK I 


The wing and fuselage point design environments were defined for the structural 
analyses conducted in support of the Task I analytical studies. 

The basis for establishing the wing point design environment was the internal 
forces/stresses obtained from NASTRAN redundant -analysis solutions. These solutions 
were obtained using finite element models which incorporated stiffnesses repre- 
sentative of each of the three general types of wing load carrying structures: 
chordwise, spanwise, and monocoque which are described In Section 2, Stmictural 
Design Concepts. V7ing point design environments were defined for each type of 
primary load carrying structure. 


In addition to the Internal loads derived using the NASTRAK systeiri, the design 
environment Included aero^d^-narriic pressures, fuel tank pressures, and temperature 
gradients. The internal loads ^axr and thermal) and temperature gradients varied 
with each of the three structural arrangement; vhereas, the aerodynamic and fueJ, 
tanh pressures were assumed invariant, 

described in Section 9 Soructurs.l Analysis Models, a coarse model was used to 
represent the fuselage in the Task I structural analysis; hence, the same basis used 
for 0 stab lisl'4 rig the wing etivlrornient could not be emplo^/ed in specifying the 
fuselage point design environrrient . In place of the NA3TFAK solutions^ the body 
shear and bending moment diagrams specified in references 1 and 2 were used in the 
definition of the Task I fuselage point design environment. 

The following text contains a general discussion of the point design regions and a 
detailed description of the wing and fuselage point design environments . The wing 
environment is presented in its entirety prior to a ciesoriptiori of the fuselage 
point design environment . 

Point Design Regions 

Representive structure was specified at selected wing and fuselage regions. 

These regions, hereafter referred to as point design regions, were used as the 
basis for determining the load-temperature environment. 

Wing Point Design Regions - The location of wing point design regions are shown in 
Figure 11-1 and include the six regions which are displayed on the wing planform of 
tlie structural model. Point design regions are identified by the corresponding 
M3TR/vN panel element numbers. Representative structure is specified at each of 
these locations and includes a definition of the upper and lover surface panels, 
typical rib and spar structure, and the associated non -opt imam factors. These 
regions were selected as representative of wing critical design regions. A 
description of these regions is as follows: 
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• ?"o:"ward vlnp; 
landing gear 
transTiitting 


^ - Point design region 40322 is located forward of one main 
in a fuel tank region. This area is characterized as basically 
pressarc loads with lov load intensities with respect to wing 


bending loads. 


• Aft box region - Point design regions 402S6_, 40536, and 41036 are located 
Iri the wing aft box with 40236 and 40536 located in fuel tanks and 41036 
in a dry bay region. In general, Uiese areas represent regions of hign 
spanvise load intensities and variable chordwise load Intensities due to 
wing bending. The chordwise load intensities in region -(0236 reflect the 
influence of fuselage body tending, while those in region 4103b indicating 
the eifeot of the wi 110 tip joad redirectior. 

• Wi _ n| T tip reg ion - Dry bay regions 41316 and 41343 are located approximately 
at the root and itn’ d-span of the wing tip. High load intensities are^" 
indicative of the aeroelastic effect on this flexible region. 


pelag e Point Design Regions - Four point design regions were selected as repre- 
sentative of the actual fuselage design. These regions are shown in Figure 11-2 
and are located at fuselage stations 750, 2000, 2500, and 3000. 'Conventional 
structure composed of skln/stringer panels and slieet metal frames was selected for 
these regions. The panel concept were varied to reflect the specific design being 
evaluated. These regions were selected as typical of the critical design regions 
on the fuselage and, in general, are classified as follows: 

• y .a se-Lage Forebodv fPS 750) - Generally characterized as fatigue designed 
tofruvifare vith Iqv load ini:ensit.ies due to fuselage bending, 

• Fu^,age, Centerb^ jFS 2000 ^d 25 OOJ - Wing/fuselage region.s subjected 
to ma.xinmm body bending and ving spanvise loads , 

• Fuselage_A ftbo (^ (FS 3 OOO) - High body bending and torsion loads with 
regions subjected to a high acoustic environment. 


Fuiselage point design regions located at FS 2000 and FS 2500 are coincidental with 
^4e wing forward box and aft box point design regions. 
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Wing Design Load Conditions - Task T 


n comprehensive l ist of design' conditions was investigated during the Task I 
effort. A detailed description of these conditions is contained in Section 
Sti^actural Desigr Loads, 

The critica" Task T load conditions were screened by conducting a NASTRAN 
redundant -analysis solution tising the chordvioe model flexibilities and its related 
aeroelastic loads^ revieving the magnitade of the resultant load intensities^ and 
selecting the critical design conditions. These conditions are shown on Table 11-1, 
and encompass the 2.5-g symiretric flight conditions for Mach numbers of 0.^0^ 0.90^ 
and addition^ both the airloads and corresponding temperatures are 

included for the start -of -cruise and rjiid-cruioe conditions. The weight, Mach 
number, altitude, load factor, and velocity are also Indicated for each of these 
critical load conditions. 

The point design load-temperature enviroment was defined for these critical 
design conditions for each of the Task T models i.e., ehordiv^ise, spanwise, and 
monoecque . 


Wing Aerodynamic Pressures - Task I 

Surface pressure data were calculated using the RASA - Ames pressure distribution 
(Woodward) program. Pressure distributions were determinecl at Mad: numbers cf 
OO, O.QO, l,25v and 2.7* bnfort unately, the Integrated force data consider- 
ably lower than available wind tunnel measured force data. As a result, the 
Woodward pressures were used to define matching functions which, when applied to 
the net pressure coefficients from the loads determination, provided the compatible 
loading on each surface. 

Ultimate pressure loadings for the entire wing were developed for the critical 
design load conditions, Tlie grid system, which is a subset of the Structural 
Influence Coefficients (SIC) grid, is shown In Figure 11-3. The upper and lower 
surface pressures for the 2.5-g syrmnetric maneuver condition at Mach 1,25 are 
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TABIE 11-1. CRITICAL TOAD COTIDITTOKS - TASK I 
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shovn in Table 11-2. The corresponding point design pressure for the Mach 1.25 
condition and five additional conditions are shown in Table 11-3. This table 
contains tne upper and lower surface pressure for these six critical flight 
conditions which were discussed in the previous section. 


Wing Puel Tank Pressures - Task I 


The cuel tanl pressures for the applicabJe point design regions were calculated 
for the critical design load conditions. 


A schematic Ox the luel tanks^ wttri the **wet bay’ poir.t design reerions 
shown in Figure 11-4. The applicable point design regions are 40322^ 


noted 

40236 , 


40536 . 


is 

and 


Average fuel heights were calculated for the critical design conditions and are 
shown in Table 11-4, 


Tne horizontal (n^) and vertical (n^) load factors for the critical load conditions 
are displayed in Table 11-5, with the sign convention indicated in the accompanying 
footnotes. These load factors were assumed to be applied uniformly on the fuel 
mass defined by the point design region. 


Hor the fuel tank pressure calculations the limit fuel pressure was defined as the 
aUfU of the fuel head multiplied by the acceJ.eT'ations for the particalar condition. 
Conservatively, an additional ^3-0 psig was added to account for the maximum 
tolerances of the relief valves. The limit pressure and corresponding ultimate 
pressure (l,5 times limit) are given by: 

p(limit) = phn i 3,0 

where p and h c-re the luel density and average fue^ height respectively and n is 
the applicable load factor. 
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TABLE 11-2. WING PRESSURE I.GADITOS - T^ISK I 
COND. SYMMETRIC PLIGHT AT Ml .25 



Ui 














X o 












CM CO 

Ui < 

o 

T— 

CO 

gs 



o 

■O’ O CM 

h- 

X 

X 

^ X 

5 ^ 

T- O 

f— 

o 

o 

in 

to 

«- o o 

o 

X 

O 

^ UJ 

o cc 

d d 

d 

o 

T— ^ 

d 

o 

d 

d d CO 

d 

d 

d 

'^x 

3 

-i 3 

CO 

1 1 





1 

I 


1 
















UJ 













X 













X 

UJ 












h- 

X y 













s < 

a. ^ 

iO LO 

CO 

o 

CO CM 


05 


0> CM CM 

X 




X CO 

CM 

X 


O) 

X 

CO 

CM in 


X 

X 

_j 

X X 

d tri 


d 

in o 

d 

K 

CO 

m o CO 

r-' 

in 



3 a 

1 1 

1 

1 

1 ) 

1 

1 


1 I rj 

! 

1 

1 


CO 














CD O 

O 

o 

o o 

o 

o 

o 

o o o 

O 

o 

O 


> 5 

^888 

oo 

rv fM 

d 

in 

in 

CO 


X 

iD 

X 

i 



CM ^ 





in 

in 

(D in CD 

X 

X 

CD 

d 














A 

in in 

o 

CO 

o o 

in 

CM 

in 

X CM CM 

CM 

§ 

X 

CM 

o 

X t 

8 ? 

<o 

CO 

8 

«<M 

CO in 

CM 

<v 

8 

<D 

p ^ rs 

<b 1^ 

g 

8 

X 


CM <M 

CM 

CM 

CM CM 

CM 

CM 

CM 

CM CM CM 

CM 

CM 

o 














o 

CM 

rf 


CM ^ 

in 


CM 

CD X O 

CM 


N 



Ui r- 

r— 


CM CM 

CM 

CO 

CO 

CO CO 




Z 


1* 

f— 

r- »— ■ 

V— 


r" 

r- ^ ^ 





UJ 













X o 













UJ < 

s 

-0.33 

0.29 

O 

CM 

5 


CM 

rv 

Ui 

8 8 8 8!^ 


CM 

O 

O 

Cuj' 

X 

3 

25 

d 

1 

d 


d 

1 

d 

1 

O 

O O O O 

1 i I 

d 

d 

d 

1 

g? 













Lii 













X 













X 

UJ 












K 

X y 













UJ ^ 
X 

T- 

o 

CD 


o 

o 

Q X X X in 

^ 55 CM X tf 

1 — 

X 

CO 

S 

to cc 

CO 

Ui 

X 


CO 

q 

CM 

X 

3 

X X 
^ 3 

CO •- 

\ 

o 

1 

o 

1 

CM 

I 

1 

CM 

1 

CM 

I 

o d ^ 

1 1 1 1 

1 

1 

i 


CO 














o o 

o 

p 

p 

p 

p 

o 

o o o o 

o 

o 

p 


>• 2 

CM CM 

CM 

CM 

CM* 

CM 

CM 

CD 

CO (D CDCD 

X 

X 

X 



(O CD 

CD 

CD 

CD 

(D 

CD 

Ui 

Ui Ui Ui Ui 

X 

X 

X 










^ r- ^ 

CM 

CM 

CM 

d 














. — . 

? a 

o 

LO 

in 

O 

in 

o 

in in o X 

X ^ X X 

X 

X 

O 

Q 

X t 

00 

(D 


CO 

CD 

8 

X 


g 


CM CO 

ID 

CO 

t— 

CO 

in 

CO r- C0[D 

X 


X 


^ f" 



CM 

CM 

CM 

r- 

t- CM CM CM 

r— 

CM 

CM 

a 














d 

CD 1^ 

X 



X 

g 

Ui 

CM X h- O 

X 

CM 



z 

CM CM 

CM 

CO 

CO 

ro 

in 

X X X 

X 

X 

X 


lO 

£ 


Z 

o 

o 

D 

CO 

II 

a 


3 
s < 

. X 
w II 

^ ” 

0- O 

< Ui 
> 
Z 

o 

o 

z 
a 

CO 


3 

X 

O 


CM 





11-8 






n-9 


asiru; 





a'lGURS HJEL TANK LOCATIONS - TASK I 




TABLE 11 -i+. SUIW 1 .P.Y OF FUEL liEIGITTS - TAFFC I 


POINT DESIGN 
REGION 

40236 

40536 

40322 

TANK NO. 

10A 

10B 

8A 

COND. 

FUEL HEIGHT (IN.) 


34.0 

26.5 

41.0 

© 

34.0 

26.5 

41.0 

© 

34.0 

26.5 

41.0 

@ 

34.0 

26.5 

41.0 

© 

21.0 

2.0 

21.5 


34.0 

26.5 

41.0 


TABLE 11-5. SU^®.1APY OF LOAF FACTORS - TASK I 


POINT DESIGN 
REGION 

40236 

40536 

40322 

LOAD FACTORS (LIMIT) (1) 

COND. 

"x 

"2 

"x 

"2 

"x 

"2 

© 

0.08 

-2.73 

0.08 

-2.73 

0.08 

-2.50 

-0.11 

0.77 

-0.11 

0.77 

-0.11 

1.13 

© 

0.08 

-2.73 

0.08 

”2.73 

0.08 

-2.50 

-0.11 

0.77 

-0.11 

0.77 

-0.11 

1.13 

© 

0.08 

-2.76 


-2.76 

0.08 

-2.50 


-0.15 

0.74 

-0.15 

0.74 

”0.15 

1.15 

@ 

0 

-2.50 

0 

-2.50 

0 

-2.66 



1.28 


1.28 


0.84 

0 

0 

-2.50 

0 

-2.50 

0 

-2.66 



1.28 


1.28 


0.84 

0 

0.08 

-2.76 

0.08 

-2.76 

0.08 

-2.50 


-0.15 

0.74 

-0.15 

0,74 

-0.15 

1.15 


(1) SIGN CONVENTION: 
+n^ = AFTWARD 
+n = UPWARD 
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A sunmary of the fuel taak pressure calculations are shovn in Table li-6* The 
conponent and combined limit pressures are indicated as veil as the resulting 
ultimate values for each of the critical design conditions. 


Wing Internal Loads - Task I 


The ving internal loads, displacements, and sti’uctural influence coeffi ci ents for 
the Task I structural arrangements vere determined using the NA5TKAN redundant- 
structure analysis solutions. These solutions were perforirted using each of tlie three 
Task T structural models (i.e.j Chordvise, Gpanvise^ and Monocoque) and included 
the thermal stresses for two temperature conditions, start -of -cruise and mid-cruise, 

A detail description of the Task I models and the results of the MSTRAN solution 
are covered in Section 9* This section presents the wing internal loads for the 
critical design conditions, the average thermal strains for the hot conditions, 
and for completeness, a brief review of the temperature gradients. 


Internal Loads -Airloads - The wing ultimate loads for Condition 31> the most criti- 

cal Task I flight condition (2,5-g symmetric maneuver at Mach 1.25!! > are presented 

in Figures 11-5, 11-6, and 11-7 for each of the Task I models. These running loads 

are displayed on the wing planform of the structural model and represent the inplane 

load state (N ,N and N ) for the majority of the upper surface panels. Based on 
^ y xy^ 

the modeling technique, model symmetry about the x-y plane, the wing lower surface 
inplane loads have the same magnitude as the displayed upper surface loads except 
ail signs are of opposite values. The inplane loads for the point design regions 
are noted. 


A summary of the load Intensities at the point design regions are shewn in Table ^ 
11-7. T'nese tables list the loads from each structural model for comparison 
purposes. 


Internal Loads - Thermal - The NASTPAN solution determined the thermal stresses and 
thermo -elastic deflections due to the thermal expansion of the axial eleirients. 
Figures 11-8 through 11-10 show the wing load intensities resulting from this 
^ASTPAN solution for the start -of -cruise temperature condition. These figures 


w 
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TABLE 11-6. MJEL TAM PRESSURE; 


TASK I 


POINT DESIGN 









— 

— — 

— 


REGION 


40236 



40536 



40322 


TANK NO 

10A 


1QB 

SA 

PRESS 

URE IpsO 

UMIT p 

ULT 

LirVMT- p 

Ul T 

LIMIT -D 

1 

ULT 1 
COMB 
- P 

COND. 

SURF. 

fuel 

' HEAD 

VALVE 

COMB 

COMB 

-P 

FUEL 

HEAD 

VALVE 

1 

‘ COMB 

COMB 
- P 

FUEL 

HEAD 

VALVE 

1 COMB 

© 

UPPER 

0.92 

3.00 

3.92 

5.88 

0.75 

3.00 

i 3.75 

5.63 

149 

3.00 

4.49 

6.74 

LOWER 

2.87 

3.00 

! 

5.87 

8.81 

2.27 

3.00 

5.27 

7.91 

2.97 

3.00 

' 5.97 

8.96 , 


UPPER 

0.92 

3.00 

i 

3.92 

5.88 

075 

3.00 

3 75 

5.63 

1.49 

3.00 

4.49 

6.74 

LOWER 

2.87 

j 3.00 

5.87 

8.81 

2.27 

3.00 

5.27 

'7.81 

297 

3.00 

5.97 

8.96 

0 

UPPER 

0.95 

' 3-00 

3.95 

5.93 ! 

0.78 

3.00 

3.78 

5.67 

1.57 

3.00 

4.57 

6-86 ' 

LOWER 

2.96 

3.00 

5.96 

8 94 ■ 

1 

2.35 

3.00 

5.35 

8.02 

3.00 

3.00 

6.00 

9.00 

0 ; 
1 

UPPER 

1 

1.28 

3.00 

4.28 

i 

6.42 ' 

1.00 

3.00 

i 

4.00 

6 00 ' 

1.00 

3,00 

4.00 

6.00 

LOWER ' 

I 

2.23 

3.00 

5.23 ■ 

j 

7.84 ; 

1.74 J 

3-00 

4.74 

7.11 

3,20 

j 

3.00 

6.20 1 

9.30 

© I 

j 

UPPER ; 

0.79 

' 3.00 i 

- 1 

3.79 

1 

568 ‘ 

0.08 ' 

3.00 

3.08 

4.62 1 

0.53 

3.00 

3.53 

530 

LOWER 

1.38 

3.00 

4.38 1 

6.57 

0.13 ! 

3.00 

3.13 

4.70 ■ 

1.68 ) 

3-00 

4.66 

7 02 

© 1 

UPPER 

0.95 

3.00 

3.95 ! 

5.93 

0.78 ! 

3.00 

3.78 

5.67 1 

1.57 

1 

3.00 1 

4.57 

6.86 

LOWER 

2 96 

3.0C 

5.96 j 

8.94 : 

2.35^ 

3.00 
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5.35 

8.03 

3.00 J 

3.00 1 

6.00 ; 

9.00 
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POINT DESIGN 
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REGION 



40236 



40536 



40322 


TANK NO. 

10A 

10B 
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PRESS 

URE (kPa) 

LIMIT p 

ULT 


LIMIT p 


lii T 

LIMIT p 

ULT 

COMB 

P 

: COND. 

SURF. 

FUEL 

HEAD 

VALVE 

COMB 

COMB 

P 

FUEL 

HEAD 

VALVE 

COMB 

COMB 

P 

FUEL 

HEAD 

VALVE 

COMB 


; UPPER 

6.34 

20.68 

27,02 

40.54 

5.17 

20.68 

2585 

38.82 

10.27 

20.68 

30.95 

46.47 

LOWER 

19.79 

20.68 

40.47 

60.74 

15.65 

20.68 

36.33 

54.54 

20.48 

20.68 

41.16 

61.78 

0 

UPPER 

6.34 

20.68 

27.02 

40.54 

5.17 

20.68 

! 25 85 

38.82 

10.27 

20.68 

30.95 

46.47 

LOWER 

19.79 

20.68 

40.47 

60.74 

15.65 

20.68 

36.33 

54.54 

20.48 

20.68 

41,16 

61.78 

0 

UPPER 

6.54 

20.68 

27.22 

40.88 

5.38 

2068 

26.06 

39.09 

10.82 

20.68 

31.51 

47.30 

LOWER 

20.41 

20.68 

41.09 

61.64 ^ 

16.20 

2068 

36.88 

55.30 

20.68 

20.68 

41.37 

62.05 

0 j 

UPPER 

8.82 : 

20.68 

29.50 

44.26 

6.89 

20.68 

27.57 

41.37 

6.89 

20.68 

27.58 

41.37 

LOWER 

15.38 

1 

20.68 

36.06 

1 

54.05 

12.00 

20.68 1 

32.68 

49.02 

22.06 ‘ 

20.68 

42 75 

( 

64 12 

0 

UPPER 

5,44 j 

20.68 

26.13 

i 

39.16 1 

0.55 1 

20.68 

21.23 

31.85 ; 

3.65 I 

20.68 

24.34 I 

36.54 

LOWER ; 

9.51 ■ 

20.68 

30.20 I 

45.30 : 

0.90 ; 

20.68 

21.58 

32.40 ’ 

11.58 1 

20.68 

32.27 ■ 

48.40 

0 

UPPER j 

6.55 

20.68 

27.23 ' 

I 

40.88 ’ 

5.38 ' 

20,68 

26.06 

39.09 i 

10.82 1 

20.68 

1 

31.51 

47.30 

LOWER j 

20.41 

20.68 

40.09 I 


16.20 1 

20.68 

36.88 ^ 

55.30 1 

20.68 1 

20.68 

41.37 

62.05 
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DENOTES POINT DESIGN REGIONS 
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TARLR 11-7. WING rjpPER SURFACE LC'AD mTENSIUIES - ALI MODELS. 
MACH 1,25 LOAD CONDITION 


1 


*LOAD INTENSITY (ULTIMATE). LBS/IN 

'■ PANEL IDENTlFfCATION 


I STRUCTURAL ARRANGEMENT 

REGION 

1 ^ 

NUMBER 

j DIRECTION 

j CHORDWISE 

SPANWISE 

^ MONOCOQUE j 

f 

WING 

40322 

1 NX 

f 

j 455 

11 

' 51 i 

FORWARD 

NY 

■1,063 

-1.185 

1 -529 i 



NXY 

’ 120 

290 

: 191 1 


1 

NX 

1 658 

1 

i 306 

•1,193 


40236 

NY 

1 -16,338 

16,986 

n,638 ' 

i 


NXY 

■ 1,316 

2,541 

2,099 

\ WING 

: 

40536 

NX 

1 -1,305 

518 

[ -3.171 

j AFT BOX 

NY 

j -14,325 

16.409 

11,424 

j 


NXY 

2,354 

4,173 

4,647 [ 



NX 

-1.435 

450 1 

f ■ 1 

-2.219 

1 1 

41036 

NV 

9.156 

-9.499 j 

6.423 

' i 

^ 

J 

NXY 

2,237 

3,227 

3,209 



NX 

571 

1G2 

-1,587 


41316 

NY 

16,982 

17,948 

-12,183 

WING 

1 

NXY 

4,807 

4,292 j 

3.310 

TIP 

[ 

NX 

-1,433 

•1,028 7 

-1,190 


41348 j 

NY 

10,800 

9,412 1 

•7,263 i 


1 

L 

NXY 

2,4s:j 

2,750 j 

3,285 1 


... •CONDITIOM 31: MACH 1.25 = 2.5, W - 690.000 LB., Ve - 265 KEAS 


PANEL IDENTIFICATION 

1 *LOAD INTENSITY (ULTIMATE), kN/m | 

[ 

DIRECTION 

1 STRUCTURAL ARRANGEMENT 

j REGION 

NUMBER 

CHORDWISE 

SPANWISE 

MONOCOQUE 

i 


NX 

80 

2 

9 

WING 






FORWARD 

40322 

NY 

186 

208 

-93 



NXY 

21 

51 

33 



NX 

115 

54 

209 


40236 

NY 

-2,861 

2,975 

-2,038 



NXY 

230 

445 

368 



NX 

-228 

91 

-555 ! 

WING- 






AFT BOX 

40536 

NY 

-2,508 

2,874 

-2,000 


1 

NXY 

412 

731 

814 

j 


NX 

.251 

79 

389 

; 

41036 I 

NY 

1,603 

-1,663 

-1,125 



NXY 

392 

565 

562 



NX 

100 

28 

-278 


41316 

NY 

-2,974 

3,143 

-2,133 

WING 


NXY 

842 

752 

580 

TIP 


NX 

251 

-180 

-209 


41348 

NY 

-1,891 

1,648 

1,272 



NXY 

435 

482 

575 


•CONDITION 31; MACH 1.25. nz - 2.5, M = 313,000 kg, V = 490 km/h 
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• denotes POINT DESIGN REGIONS 





0W2 SJ - 


S99Z SJ - 


Q8« SJ - 


SOW SJ - 


0£ZZ SJ - 


SCZZ SJ - 


snz sd - 


SWZ SJ - 


5G61 SJ - 


9981 SJ - 


ZUiSd - 


0891 SJ ^ 


08SI SJ - 



Tiirirj/M.i.Y i:!iniCFr 



^KR;feDlNG PAGE BLANK NOT FiLMliaj 








DUCED LOADS SHOWN) 









OWZSJ - 


5D52 SJ - 


58^3 SJ - 


90fr?SJ - 


OeSJSd - 


9CZZ SJ - 


oviz ej — 


5H)2SJ - 


«JS6l SJ - 


5981 SJ - 


Z^ZISJ - 


0891 SJ - 


0891 SJ - 





















con^airl the therir^ally induced Lnplanc loads for the wing upper surface for each of 
thie Task X models^ with the point design regions noted. 


Tne NASTRAN thenrial stresses are converted to strains for input to the structural 
analysis conputer programs. ‘The streGses and equivalent strains are shovm in 
Table 11-8 for each structural arrangement for tlie? two tempera Lure conditions 
investigated. 

In addition to the thermally induced inplane loads, the average temperature and 
thermal gradient within an element are required to complete the definition of the 
point design environment. Time -temperature histories were calculated for repre- 
sentative structure at the point design regions; see Section 6 (structural 
Temperatures) fer a detail, description of this analysis. For the sake of complete- 
ness, a exarr.ple of the temperature data is shown in Table 11-9. This data 

is for the Chordwise arrangement surface panels and indicatesthe component 
temperatures, average temperature, and the temperature gradients for the critical 
Task I load conditions. 

jor ;^hls example, on^y point design regions 402f6, ^053^; and ^322 are shown j the 
temperatures for all point design regions are ircluded in the following wing point 
design environment summary tables. 

W'ing Point Design Environment - Task I 


the basis for the detail structural evaluation of the Task X concept is the point 
design environment j this environment was defined as comprehensively as feasible to 
provide credence to the selection of the best structural arrangement. 

The wing point design environment was defined for each wing structural arrangement 
for the lask X critical design load conditions. The chordwise arrangement wing 
point design environments are presented in Tables 11-10 through 11-15, 

Spanwise arrangement environments in Tables 11-16' through 11-21, and xhe point 
design environments for the Monocoque arrangemeni in Tables 11-22 through 11-27'. 
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TAEUi 11-8. SW-DiARY OF WKC THURMAL STRESSED AFT; 
STFAIWS - tasp: I 


CHORDWISE STIFFENED ARRANGEMENT 



FORWARD 

BOX 

40322 

6.760 

n 

5.262 


' 

445 



-12,160 

9,290 

740 

•800 

-611 

136 


40236 

3.883 

3.125 

212 

255 

206 

39 ' 

13,656 

9.275 

151 

898 

610 

•28 

AFT BOX 

40B36 

1.898 

907 

743 

125 

-60 

136 1 

-2,292 

3,103 

946 

■151 

204 

174 1 


41036 

3.068 ' 

493 

-296 i 

1 202 

32 ■ 

54 i 

2,107 

544 i 

333 . 

•139 

36 

1 -61 1 

1 TIP 

I 41316 

^ 1,350 ' 

128 

j 655 ; 

89 

8 ! 

120 ^ 

546 

-129 1 

261 

36 

8 1 

^ 48 

1 41348 i 

230 1 

! 96 I 

1 

L.J5 

L 6J 

5 i 

■401 

-674 1 

159 J 

L 23 ^ 

44 1 

1 -33 1 


MONOCOQUE ARRANGEMENT 


FORWARD 

BOX 

40322 

7.072 

6,539 

31b 

-465 

-430 


14,465 

14,020 

699 

-967 j 

972 



40236 

10.010 

9,965 

338 

659 

656 

76 

1,082 

-1,940 

35 

71 1 

128 

6 

AFT BOX 

40S36 

1.376 

1,964 

^ G26 

-91 

T29 

•115 

-3,616 

4,390 

721 

238 , 

289 

132 


41036 

10 

126 

i i 

1 

8 


j 2,056 

864 

176 * 

136 

57 ! 

32 

TIP 1 

41316 

100 

1 729 

382 

7 

15 1 

I ' 

70 ' 

189 

408 

103 1 

*12 I 

27 

19 

41348 

5 

[ -4.4 

! ! 

0.3 

L.f -3. 1 

I -0.1 ! 

L 

-967 

178 

L ill 

54 

23 


NOTE: STRESSES ARE ULTIMATE AVERAGE STRESSES, 
STRAINS ARE IN/IN 


CHORDWISE STIFFENED ARRANGEMENT 













1 



CONDITION 

20 START OF CRUISE 



CONDITION 22 MID CRUISE 

WING 

POINT 

DESIGN 

STRESSES (ItPa) 

STRAINS X 10 ® 

STRESSES <t<Pa) 

STRAINS X 10 ® 









h T ^ — r 

LOCATION 

REGION 

J 

h- ^ 






Ox 

Cy 

^xy 

1 fy . y j 

FORWARD 
BOX ! 

40322 

1 

66,231 

-78.738 

531 

-632 

751 

— 

14 

69,168 

76,759 

951 

660 ^ 732 - 25 ' 

1 

40236 j 

-23 711 

16.844 

16,023 

■226 

161 

426 

77,697 

61,129 

1,682 

741 j 583 ; 45 

AFT BOX 1 

40536 1 

3.372 

7.688 

8.432 

-32 

73 

224 

19,140 

•19,974 

9,570 

183 * 191 . 255 ! 

1 

41036 

9,804 

1.620 

627 

94 

15 

17 

9,839 

1 -3,640 

. -2.475 

94 1 35 66 

LI"’ j 

41316 

1,117 

1 ,986 

; 3,592 

10 

19 

93 

338 

I 1,413 

1.213 1 

-3 j 14 ’ 32 ^ 

41348 

^ 1 

90 J 

: 1 

. _iJ 

L ’ J 

Ljj 

3.682 

1 4.699 

i 

‘ -35 44 I -2^ 


SPANWISE STIFFENED ARRANGEMENT 


r FORWARD 
( SOX 

I 

40322 

46.60B 

■36,280 

1,510 

! -445 

1 

346 

1 i 

40 

83,840 

CM 

in 

o 

? 

1 

^ 5,102 

j 800 

-611 ' 

1 1 

I 

40236 

26,772 

■21.546 

1,462 

' -255 

206 i 

39 

94.155 

-63.949 ■ 

' -1,041 

898 

610 

1 -28 

’ AFT BOX 

40536 

13.086 

-6,254 ; 

-5,123 


-60 

136 

15,803 

-21.394 

•6,522 ! 

-151 

-204 1 

1-174 

I 

41036 

21,153 

3,399 ^ 

-2.041 

I 

' 202 i 

32 ■ 

54 

14.527 

3.751 

1 2,296 

-139 

36 


I TIP 

41316 

9,308 : 

882 1 

4.S16 

89 1 

8 

120 1 

* 3,764 

-889 

1.800 

• 36 

-B 

48 

1 41348 

L 1.586 j 

662j 

193 


L J J 


L ^ 

4,647 

-1.096 i 

J 

[ ! 

29 ] 


MONOCOQUE ARRANGEMENT 


FORWARD 

BOX 

40322 

48,760 

45.085 

2,172 

465 

430 

“ 

99,733 

j -96,664 

r -- ■] 

4.819 

952 

-922 

128 


40236 

69.016 

68,706 

2,330 

659 

-656 

76 ^ 

7,460 

-13,376 

241 

71 

128 

6 

AFT BOX 

40536 

9,487 

13.541 

-4,316 

91 

129 

115 ; 

24,931 

1 30,268 

4.971 

•238 

289 

-132 


41036 1 

69 


B31 ^ 

1 ' 

8 

' 14 ! 

14,169 

5.957 

1,213 

135 

1 57 

; -32 i 

TIP 

41316 : 

689 

1,579 

2,634 

7 I 

15 

I 70 ! 

-1,303 

! -2.813 

710 

-12 ' 

-27 

19 I 

41348 

34 


^5j 

L^i 



-5,392 

1 -6.667 

-882 

Li’ J 

54 i 

1 1 



NOTE: STRESSES ARE ULTIMATE AVERAGE STRESSES, 
STRAINS ARE m/m 
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TABLE 11-9, WING SURFACE PAI'IEL TEMPERATURES, CHORDWISE ARRANGEAtFN' 
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TABLE 11-10. WTNG POINT DESIGN EIWIPOW^ENT, GHORIWISE ABIIA?IGE1'>SNT 

MACH O.kO LOAD CONDITION 



ORIGINAL PAGE IS 
OF POOR QUALITY 




TABLE 11-11. WING POINT DESIGN ENVIRONMENT, CHORDWISE ARRANGEMENT - TAG 

MACH 0.90 LOAD CONDITION 


d o 




SIGM. OTHERWISE NO FACTOR APPLIFO 





















TABLE 11-12. WING POINT DESIGN iriVIRONMEJNT, GHORDVJISS ARRANGEMENT 

MACH 1.2:? LOAD CONDITION 
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TABLE 11-13. WING POINT DESIGN ENVIRONMENT, CHOKDV/ISE ARMGE.MENT - TASK I 

START-OF -CRUISE CONDITION ’ 



page is 
Oi: POOR QU.VLI1Y 
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TABLE 11-14. WING POIOT DESIGN SIWIROroCNT^ CHORDVISE ARRANGEMPl'JT . TASK 

KID-GHUISE CONDITION 
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TA3IE 11-16. WING POINT lESIGN EIT/TRONMEm^ SPAIf/'lTSE APRAiNCEMENT - TAS 

M.ACH O.UO LOAD CONDmON 















''TT^AL ® 

POOR quality 
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TABLE 11-18. WING POINT DESIGN EJJVIKONI4ENT , SPAtWISE ARRANGEMENT - TASK 

MACH 1.25 LOAD CONDITION 




u-4o 




TABLE II-I9. WING POINT DESIGN ENVIROIMINT, SPANWISE ARRANGEMENT - TASK 

START -OF -CRUISE COTOITION 



■1 














TA3IE 11-20. WING POINT DESIGN ENVIROII\fflNT, SPAmOSE ARPANC$:!®NT - TASK 

MID -CRUISE CONDITION 
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TABLE 11-22. WING POINT DESIGN ENVIRONMENT, MOKOCOQUE ARRANGEffiNT - TAS 

M^.CH O.LO LOAD CONDITION 
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TABLE 11-23. WING POIJTT DESIGN EWVTROI'MENTj MONOCOQUE ARRANGEMENT - TASK 

MCH 0.90 LOAD CONDITION 



TAME 11-2L. WING POINT DESIGN ENVIRONMENT, M0NOCO3,UE ARRANGEMENT - TASK 

MACH 1.25 LOAD CONDITION 


M 



II-A6 





TA3I£ 11-25. WIUG FOTOT DESIGN ENVIROMKT, MONOCOQUE ARRAHGlOTi: NT - TASK 

STAHT-OF-C,RUrSS CONDITION 
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NOTES m A V 25 FACTOR MAS BEEN AP»»LIED TO THE THERMAL StraW^VHEN THE SIGN IS SAME AS THfc AIRLOAO 
SIGN, otherwise no FACTOR APPLIED, 

{ 2 \ PHESSL/HE SIGN CONVENTION; NEGATIVE ' SUCTION 
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OF FOOR 


p^GB 13 

qUAI^ 


11 - 1+9 


NOTES O) A 1 25 ACTOR HAS BEEN APPLIED TO THE THERMAL STRAIN WHEN THE SIGN IS SAME AS I ME AIRLOAD 
SIGN. OTHERWISE NOEACTOR APPLIED 
(2) PRESSURE SIGN CONVENTION; NEGATIVE - SUCTION 




General Fjsela^e Envinor:ir;ieni - Taslr\ T 

The ^' Kselage point deelga environment vas specified for each stage of tie 
strj.ctural investigations ccnaucted daring the Task I analytical studies. Specifi- 
cally for the fuselage, the two stages of analysis included: 

• Initial Screening - A preliminary parametric frame spacing study to 
ascertain the spacing associated with ndnimum 'weight design; then using 
this spacing to perform a structural analysis to screen the fuselage 

panel candidates and to determine the most promising concept (s) for the next 
stage of analysis, 

• Tetail Concept Analysis - A detail analysis of t oe surviving concept (s ', 
frorii the initial screening analysis. 

The details included in the definition of each of the point design environments 
progressed with the stage of design under consideration , 

For the initial screerdrg analyses only inplane loads (N and N w due to vertical 
shear and tod^r bending were ccr.siaered in the analysis of the shell with no attempt 
to include the effect of ^ressdve or temperature. In line with this philosophy_, 
the Troicie were subjected to a very rudimentary analysis based on the theory derived 
by Shanley in Reference 3- 


In support of the Detail Concept Analysis, a more detail point design enviro^mment 
/ 7 as specified and included not only the inplane loads but also included the effects 
of pressure and temperature. 


Fuselage Cabin Pressure - Task I 

As previously discussed only the point design environment defined for the detail 
concept analysis included normal pressure; conservatively, only the internal cabin 
pressure was considered for this analysis. 

The two critical flight conditions Investigated daring trie detail concept analyses 
were the start -of-cruise condition and a Mach 1.2 transonic climb condition. 
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ai^e 


pi*0S SLiiTG ♦'?» sj i.cl s.F-^ocl.'d.L0d pai’anis^Lcrs I'ox' v?Giid.i~io''"r 

3hCvm in Table 11-28* 


Fuselage Internal Loads - Task I 


Tbe oasis fojo xhe Task X inoennal loads was exis’oin.g body shear and bsndini? nionient/ 
diagrams as specified in Reierences 1 ano. 2* These <iiagrani.s are presenled in 
-■‘Igures 11-11 and il-12 and were used viuh the e^rceptlon . of the specified 3-g taxi 
condition wiiicn was considered to stringent and arbitrarily reduced to trie lover 
values noted hy dashed lines* The sign convention for those ultimate shears and 
bending moments are displayed on the ordinate of these diagrams. 


In t e r na 1 _L>oa ds - _ A 1 r 1 o a d s - Internal loads were defined for each stage of the 
Task ^ analyses, Tne stresses and associated inplane loads were derived using 
theoretical bending (llC/l) and shear (VQ/i) distributions. 


rcr tne structural analyses conducted during the initial screening^ panel load 
intensities were calculated and arc presented in Tables 11-29 and 11-30. The first 
table reflects the load intensities used for the parametric frame spacing study 
and the later table presents those loads employed for the structural screening 
of the fuselage panel candidates. All loads indicated on both tables are ultimate 


values and reflect the section properties associated with the stage of the design 
under consideration. The fuselage panel load intensities used for the Task i 
detail concepts analysis are displayed in Table 11-31* 


Internal Loads - Thermal - As previously mentioned in the general fuselage environ- 
ment discussion^ only the analysis conducted during the detail concept analysis 
contained the effects of pressure and temperature. Table 11-32 contains the 
temperature gradients and average temperature of the skin panels for the two flight 
conditions considered. Temperature values are shovnu for skin panels located at the 
side^ and bottom of the fuselage cross section at each of the point design 
regions. The corresponding values for the fuselage frames are shown in Section 6, 
Table 6-4, 
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TABLE 11-28. FUSEL/vlE CABni PRRSS'JHE ^ - TASK I 


CONDITION 

WT. 

X 10-3 lbs 

MACH 

NO. 

LOAD 

FACTOR 

"z 

Ve 

^eas 

ALT. 

X 10-3 FT. 

CABIN('I) 

PRESSURE 

(PSD 

START-OF-CRUISE 

660 

2.7 

2.5 

460 

61.5 

17.55 

TRANSONIC 
CLIMB AT 
M1.2 

690 

1.2 

2.5 

372 

38.2 

17.55 


1. ULTIMATE p = 1.5 X LIMIT p 



TABLE 11-29. "''fuselage PANEL I.OAD INTENSITIES, 
PARAMETRIC FRAf-lE SPAdl'TG STUDY - TASK I 


LOCATION 

FUSELAGE PANEL LOAD INTENSITIES (ULT.), LB/IN 

DIRECTION 

FS 2000 

FS 2500 

FS 3000 

UPPER PANEL 

Nx 

13200 

17600 

13200 


^xy 

170 

255 

170 

SIDE PANEL 

Nx 

0 

0 

0 


^xy 

1400 

2100 

1400 

LOWER PANEL 

Nx 

— 

-13200 

-17600 

-13200 


Nxy 

170 

255 

170 
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TABIiE il-30. FJSELAGE PANEL LOAD INTEIT3ITIES, 
CONCEPT SCREENING STUDY - TA?3K I 


LOCATION 

FUSELAGE PANEL LOAD INTENSITIES (ULT.), LB/IN 

DIRECTION 

FS 2000, FS 3000 

FS 2500 


-TL 


“L_r 

TZ 


UPPER PANEL 

N 

11600 

11700 

11600 

15700 

14600 

15690 


^xy 

412 

417 

413 

629 

597 

629 

SIDE PANEL 

Nx 

377 

406 

300 

422 

545 

416 


Nxy 

1361 

1357 

1330 

2025 

2000 

1998 

LOWER PANEL 


-11700 

-11650 

-12000 

16100 

-16800 

15900 



415 

412 

426 

645 

670 

633 


xy 








TABLE 11-31. FUSELAGE PANEL LOAD INTENSITIES, 
DETAILED CONCEPT ANALYSIS - TASK I 



FUSELAGE PANEL LOAD INTENSITIES (ULT.), LB/IN. 

LOCATION 

DIRECTION 

FS750 

FS 2000 

FS 2500 

FS 3000 

UPPER PANEL 

Nx 

1580 

11630 

15730 

11630 


Nxy 

50 

412 

629 

412 

SIDE PANEL ^ 

Nx 

1580 

1230 

1230 

1230 


Nxy 

50 

1360 

2025 

1360 

LOWER PANEL 

Mx 

-1580 

- 

- 

-11670 


Nxy 

50 

- 

. . 

415 


(1) ULTIMATE LOAD = 1.5 X LIMIT LOADS 

(2) CRITICAL DESIGN CONDITION: START-OF-CRUISE 





TATiTF; 1 . 1 - 32 . Wlt-tPTiMTDRE AlO GRADIENTS FDR iTJSEIAGE 
SKIN PA'-nJlLC- - TASK I 


NOTES: 


PANEL SCHEMATIC 


1. BASED ON HOT DAY (STD+8K) 
4200 n.mi. FLIGHT PROFILE. 

2. HAT-STIFFENED PANELS, 
EXCEPT ZEE-STIFFENED 
AT FS 750. 

3. 'TOP', 'BOTTOM' AT G ; 

'SIDE' AT 90° OR ABOVE 
WING. 


INSULATION 


T: STIFFENER CROWN 




Tjj EXTERIOR SKIN 


TEMPERATURES IN F 



















Fuselage Point Design Enviro^uaent - Task I 


Tine iusciage point aesign envii-orunents for the initial screening investigation 
iriclule only the inplane loads due to vertical snear and tody bending l^ds and 
i;ere previously presented in Tables 11-29 and 11-30, 


The mere detail poirit design environjr.ent used in the detail concept analyses is 
ohevrn in Taole xl-33 for tl.e most ci’itical Task I load condition^ start -of- 

crLiioe condition. This table incTudec the inplane loads^ normal pressures^, panel 
temperature gradients^ and average panel tempFrature for the four point design 
regions. The stated inplane loads and normal pressures arc ultimate values. 


AIRPLAJ'TE DESIGI^ EhTIROIMITT - TASK IIA 

The Task IIA configuration change 1 cvestigation vas a study to define the effects 
of airplane tonf iguration and mass properties changes on the flutter character- 
istics of the Task II airplane configuration. To attain triis objective an abbreviat 
design cycle vas conducted using the Task I chordvise structural model with the 
aforementioned configuration and mass revisions. In support of the strength 
analysis conducted during this investigation, the wing point design enviroament was 
defined for the flutter critical flight condition (Kach 0 . 9 ). The fuselage point 
design environment was tiot specified for this investigation since the flight 
condition under consideration vas non -critical for the fuselage structure. 

The critical flight conditions were the synmetrlc flight conditions at Mach 0,9^ 
and Gtatic aeroelastic loads were calculated for these conditions with the 

following load factors: positive l-g_, 2.5~g steady maneuver, 2,5-g transient 

maneuver, and a negative 1-g. 

Since the wing configuration change occurred outboard of the wing fin, approxi- 
mately butt line 600, negligible effect on the inboard aerodynamic pressures can 
be expected. The Task I aerodynamic pressure defined for the wing point design 
regions are applicable for the Task IIA investigation, Condition 12 on Table 11-3. 
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w 

In additic-n, the Task I fuel tank pressures defined in Table Tl-h fnr fl.ight 
con lit ion 12 are appropriate* 

The PiASmiK redundant ana.lysis solution provided internal forces and stresccs for 
tne Ma.cn 0,9 -tight conaltioi^, rhe wing surface load intensities for this condition 
are shown in Table For conipariscn purposes tlie load intensities i^or the 

Task I and Task TIB models are Included* TTo temperature conditions were considered 
for the Task IIA internal load runs. 

The wing point design environment for the 2.5~g symmetric flight-steady maneuver 
condition at Mach 0.9^ shown in Table 11-35- This environment was used 

to conduct a simplified weight comparison study at several point design regions, 
see Section 12 for the results of this analysis. 


AIRPLAKE DESIGN EF\/IR01!ME15T - TASK II3 

The Task II3 Detail Engineering Studies were conducted by exercising the design 
cycle twice; firso^ for a baseline strength design airplane and then performing an 
iteration on that design tc incorporate the stiffness re<puirernent dictated by the 
flUuter opt ifiiizat ion study. The wing and fuselage point cleclgn environments 
were defined in support of the stress analysis associated with each of the above 
design cycles. 

The locatio!! of the point design regions (wing and fuselage) were approximately 
the same as those specified Por the Task I and Task IIA efforts. The wing regions 
are shown in Figure 11-1 and the regions for Task IIB fuselage which \ras modeled 
in more detail than the earlier vei'sions^ are presented in Figure 11-13, The 
structural definition of the Task IIB point design regions is lifferent from those 
specified lor the earlier tasks; i,e,; the most promising Task I arrangement 
(chordviGe/monocoque hybrid design) was utilized for the Task TIB investigation. 

A description of this arrangement is presented in Figure 11 -ll-. 
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’ABLE 11 A'ING SUBFACE LOAD Iim^NSITIES - TASK LUi, 
WEH 0.90 LOAD CONDITION 
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TASK J CONDITION 12; MACH 0.90, nz = 2.5, W = 700,000 LB, Ve = 325 KEAS 
TASK HA CONDITION 9: MACH 0.90, nz = 2.5, W = 700,000 LB, Ve - 325 KEAS 
TASK IIB CONDITION 8 ; MACH 0.90, nz = 2.5, W = 700,000 LB, Ve = 325 KEAS 


































FIGUTTE 11-13. DEFIISITIOK OF FUSELAGE POINT US3IGN REGIONS - TASK IIP 
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FIGURE 11-1^. ' StRUClUHAL ARRANGEJ-ENT -'T.ASK IIB 
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Design Load Condixicns 


Task IIB 


A of t-he nrjnber and type of load conditions investigated for each of tne 

Task 113 designs is siiovn in Table 11-36. A total of nineteen conditions were 
included in the strength design analysis. The strength/ctlffness aesigrx cycle 
incorporated additional gust and landing conditions for a total of twenty-five 
conditions. Frorr. a review of tr r- NASTRAN internal loads runs the critical load 
conditions were defined for each design. These critical conditions are listed in 
Table 11-37 for the strength design. The corresponding conditions for t'ne strength/ 
stiffness design are contained in Table II- 38 . 


Wing Aerodynamic Pressures - Task IIB 


The Task IIB airplane conf iguration was Identical to that studied in the Task IIA 
c!Onf iguration change investigation. The wing tip configuration change had 
negligible effect on the aerodynamic pressures distribution inboard of wing fin 
(BL 600 ) and those pressures specified for the Task I configuration^ Table 11-3^ 
are also applicable tc this configuration. The Task I point design pressures are 
repeated in Table 11-39 vitn the equivalent Task IIB fliglit condition numbers. 


Fuel Tank Pressures - Task IIB 

In addition to the wing tip revision incorporated on the Task II airplane config- 
uration, the location of the fuel tanks and the fuel usage schedules were raodified 
to provide an aftward shift In the center of gravity. This modification required 
a reanalysis of the fuel tank pressures. 

A schematic of the Task IIB fuel tank boundaries are shown in Figure 11-15^ the 
fuel heights for the ”wet bay” regions are presented in Table 11-40. The longi- 
tudlnal (n ) and vertical (n ' load factors for the critical Task II conditions 
are scjnmarized in Tatle 11 -ll, 

A summary of the fuel tank pressures for point design regions 10236^ k 0536 and 
^ 4-0322 are contained in Table 11-42, This table presents the fuel Inertia head and 
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TABin ],l-37. CRITICAL LOAD CONDITIOKS, GMffiNGTH DESIGN - TASK 
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TABIE 11 - 38 . CRITICAL LOAD CONDITIONS, STRENCTl!/ 3 TIFFl'Iji 03 DESIGN - TA: 3 K IIB 
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Start of Cruise 
Mid Cruise 


















FIGURE II-I5. FUEL TANK r,OCATIONS - TASK IIB 


TAPIi: 11-40. SUieiARY OF FUEL HEIGHFl - TASK IIB 
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TABLE 11-41, GU]#!ARy OF LOAD FACTORS - TAS'K LIE 
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TABI£ ll-lj-2. 5U3L TANK Pf®SSUREa - TASK II3 
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<‘'>ALL PRESSURES ARE SUCTION |-p) 
<2 >uLTIMATE PRESSURE = 1.5 LIMIT PRESSURE 





valve preceure- cCir.poner.tG veil ae tie combined presE-arec for tne critical 
Task II cor.dltions. In addi"::ion^ the ultimate values (1.? tines lirdt] of tne 
combined pressure are specified. 


Wing Internal Loads - Task II3 

The Internal loads fo 2 ’ the Task II designs were determined using the IfASTFj\Ii 
redii'idant -structure analysis solution. Finite element models (3-3) vrere ised witn 
the specific I'lexibilities of the design being considered; i,e.; strengtn and 
strength/stiffnesG designs. A detailed description of the Task HE models is 
containe 1 In Section Q* 


Internal loads ^ Airloads - Representative wing upper surface and lover surface 
loads are presented in Figures ll-l6 and 11-17 for the Task HE final design. 

These loads are dicpiayed on the wing planform of the structural model and reflect 
the maximum upper sarface chordwise compression and lower surface chordwise tension 
conditions. All inplane load intensities (N ,N . and N presented are ultimate 
values with the applicable thermal induced leads indicated in pat^enthesis . See 
'section 0 for a more comprehensive listing of wing load intensities. 


A comparison of the wing surface load intensities between the strength and final 
designs is shown in Table 11-43. Tltese loads intensities correspond to a 2,5-g 
symetric maneuver conditions at Mach 1,25. 


Internal Loads - Thermal - The NASTRAJI solution contained the thermal loads for the 
three critical temperature conditions: start-of-cruisc; mid-cruise, and a li 1.25 

descent condition. The corresponding upper and lover surface thermal stresses and 
corresponding strains for these conditions are shown in Table 11-44 and Ll-Us. 

These values are ultimate values which are used in the detail stress analysis of 
the structural components. In addition to stresses (strains) due to the tiiermal 
expansion of the model elements, the local temperature gradients and average 
temperatures are calculated and included in the point design environment. Complete 
temperature histories were developed for the wing structure at selective design 
point to furnish this data. Section 6 contains a detail description of methods usee 
in obtaining tliese tetnperatares , 


11-70 - 








r 2 

SR 


O 

o 

uf 

QC 


g 

c/> 

Ul 

O 


£ 




o 

z 

UJ 

O 

* 

eH 





0W3Sd - 


5KZ $d - 


5BtZ Sd — 


s-i — 


OE€ZSd - 


9CZ? Sd - 


9tlZSd - 


SWZ Sd — 


5061 Sd — 


9981 Sd - 


j^asd - 


0891 Sd - 


08SL Sd - 



ncmir: wint; uf-ffiji surface haximijm 

CHORtVr.'a-': COff»RI-'CSION LOADS, 

Ki Nrtr.. nicucrj - tack iid 

X. WLDOUT FRAUK^n-71 









I 





0W3Sd - 


S9QZ SJ — 


581^2 Sd - 


90^^Sd - 


0«2 Sd - 


SECS 3d — 


s^irsd “ 


9W2 Sd - 


5561 Sd - 


598. Sd X 


ua Sd - 


0891 Sd - 



d 

S M 
^ V 

gi ■ 

a; H ^ 

Q n : 

■ 

S < 

Sgn 

Set*., 


d 

S 










TASK irn, 


TABLE 11-43. COMPARISON DP WING SURFACE TOAD INTERS r"IES - 

I'.ACH 1.25 -.OAT) CONDITION 




*LOAD INTENSITY (ULTIMATE), LBS/IN. 




HYBRID 

HYBRID 

1 PANEL IDENTIFICATION 


(STRENGTH) 

(FINAL) 

REGION 

NUMBER 

DIRECTION 

UPPER 

LOWER 

UPPER 

LOWER 

WING- 

40322 

Nx 

-151 

597 

-242 

434 

FORWARD 


Ny 

-1106 

1400 

-1032 

1425 



Nxy 

130 

215 

102 

166 


40236 

Nx 

-67 

246 


62 



Ny 

-14650 

15196 


16622 



Nxy 

453 

367 


781 

WING- 
AFT BOX 

40536 

Nx 

-1073 

1099 

-831 

699 


Ny 

14303 

14014 

-16372 

15508 



Nxy 

1495 

1599 

1615 

1646 


41036 

Nx 

1812 

1297 

-2464 

1898 

j 


Ny 

4220 

3588 

5645 

4697 



Nxy 

2106 

1909 

1915 

1812 


41316 

Nx 

-1638 

1405 

-1931 

1656 



1 Ny 

-12407 

11188 

-13240 

11333 

WING TIP 


Nxy 


2990 

4072 

' 2739 

41348 

Nx 

-1207 

1379 

-1200 

1431 




Ny 

-6897 

6657 

9006 

8090 

1 


Nxy 

2284 

2281 

2666 

2556 


*LOAD CONDITIONS: 

TASK ll-B CONDITION 12: MACH 1.25, nz = 2.5, W - 690,000 LB. Ve = 294 KEAS 
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TABLE SlMIi’VBY OF v^ING UPPER SURFACE THEKLAL STRCStll'C, 

AI'ID STRAINS, TASK HR 


CONDITION 1 

@ START OF CRUISE 





WING 

LOCATION 

POINT 

STRESSES {psi)<‘'> 

STRAINS X 10 ®{IN/IN)<^> 

DESIGN 

REGION 

! 

0y 

T 


€y 

7 

FORWARD 

BOX 

40322 

-3503 

2290 

-1039 

-220 

144 

-179 

AFT BOX 

40236 

55 

1292 

3412 

4 

47 

588 


40536 

802 

1076 

1519 

51 

39 

262 


41036 

12058 

1612 

2174 

793 

106 

375 

WING TIP 

41316 

-2234 

-3611 

1344 

-150 

-242 

-236 


41348 

-716 

1425 

-648 

-48 

-96 

-114 

CONDITION ( 

MID-CRUISE 






FORWARD 

BOX 

40322 

2522 

7140 

-438 

-159 

449 

-75 

AFT BOX 

40236 

1396 

1322 

2875 

88 

48 

496 


40536 

-348 

1121 

1981 

22 

41 

342 


41036 

•2036 

-5646 

321 

-134 

-372 

55 

WING TIP 

41316 

-446 

586 1 

76 

-30 

39 

-13 


41348 

691 

1916 

822 

-46 

129 

-144 

CONDITION MACH 1.25 DESCENT 

FORWARD 

BOX 

40322 

-285 

-224 

408 

-18 

-14 

70 

AFT BOX 

40236 

1371 

185 

-750 

-86 

7 

-129 


40536 

156 

152 

31 

10 

6 

-5 


41036 

-13044 

-6715 

-2499 

-858 

-442 

-431 

WING TIP 

41316 

1286 

2811 


86 

189 

180 


41348 

70 

-472 

350 

5 

j 

-32 

61 


ULTIMATE STRESS (STRAIN) = 1.25 x LIMIT STRESS (STRAIN) 
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TABIE 11-45. SUl^T-lARY OF WING LOlfliJR SURFAC" THERIvIAL STRESSES 
ANS' STRAINS, TASK IIB 


CONDITION 

START OF CRUISE 





WING 

LOCATION 

POINT 

DESIGN 

REGION 

STRESSES (psi) 

STRAINS X 10 ® 

(IN/IN) 


% 

T 



7 

FORWARD 

BOX 

140322 

-3151 

3698 

-1965 



-330 

AFT BOX 

140236 

-1418 

1035 

3950 

-89 


664 


140536 

-902 

1615 


57 


624 


141036 

13912 

3800 

3224 

892 


542 

WING TIP 

141316 


-2526 

-2373 



-416 


141348 

-218 

1 

39 

136 

-15 

3 

24 

CONDITION 








FORWARD 
; BOX 

140322 

2171 

10046 

2138 

-136 

632 

-359 

i AFT BOX 

140236 

-3310 

2162 

6254 

208 

75 


1 

140536 

-115 

2248 

5723 

7 

78 



141036 

519 

-4745 

1608 

33 

-304 


WING TIP 

141316 

-646 

275 

-278 

-43 

19 



141348 

162 

525 

289 

11 

35 


CONDITION 

(^, MACH 1.25 DESCENT 





FORWARD 

BOX 

140322 

711 

-164 

-249 

45 

-10 

-42 

AFT BOX 

140236 

-574 

221 

366 

-36 

7 

62 


140536 

820 

540 

699 

52 

19 

112 


141036 

-12949 

6946 

-2336 

-830 

-445 

-393 

WING TIP 

141316 

2144 

4682 

1700 

144 

314 

298 


141348 

424 

1049 

182 

28 

70 

32 


ULTIMATE STRESS (STRAIN) = 1.25 x LIMIT STRESS (STRAIN) 














Tar.le presents temperatures for the six point design regions for the 

following five flight conditions ; 

• Mach 0.9^ climh 

• Mach 1^23 climl3 


• ^fac]•i ] lescent 

• Mach start of cruise 

• Mach 2.7 mid-era ise 


Temperatures for the noniinal Mach 2."^ conditions are obtained from analysis at 
the Kaoh 2.62^ hot day (standard +8 k) cruise profile, ouhscripted tempei^atures in 
the tabic arc defined as follows: 


rP' 

‘1 



m 

^7 


Ti 


10 


n.ppe^’ siirface panel outer skin 
upper surface panel inner skin 
lover surface panel inner skin 
lover surface panel outer skin 


¥ing Point Design Environment - Task IIB 

The ving point design load/teinperature environment for the strength and final 
design airplanes were defined for theii’ critical load conditions^ see Tables 11-3T 
and 11-38, The definition of the ving surface environment included: inpiane load 

intensities^ inplane thermal strains^ nomal pressures^ and the average structural 
temperature and gradient. 

Table 11-47 through 11-51 contain the ving point design environment for the strength 
design airplane. The corresponding eCxVironment foi* the final design (strength/ 
stiffness; airplane are presented in Tables 11-52 through 11 -56. 


w 
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TABLE 11-46, TEJIPERATURES AND GKADIENTS FOR iv'IKG STRUCTURE - TASK II 3 





original -FAGS -j' 

0^ foes eJALTre; 
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’ABLE WING POINT DESIGN ENVIKOIsTMENT, STRENGTH DESIGN - TAG.K IIB 

MACH O.ItO and 0,90 (V^) LOAD CONDITIONS 



original page is 11-80 

OF POOR QUALITY 





iAELt, 11- 8, WINCt POINT DESICrN EWIKONMHlFr^ STRENGTH DESIGN - TASK IIB 
MACH 0.90 (V ) AND t . 3? (V„) LOAD CONDITIONS 




TABLF; ll-il-9. V;iNG point design ENVIR0NME;NT, strength design - TAf;K IIB, I.ACIl 

|1,„ ^ -1.0-Q MD MACH 1,25 (v„) LOAD OONDITIONS 































TA3IE li-51. wraC POINT EESIGN EWTRONI-fFNT, STRENGTH HEGIGN - TASK IIB 
M^\CH 2.7 (MID-CHUIuSE) LOAD CONDITION 




OJIIGJNAL PAGE IS 
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121 rftessURC S1GK CONVENTION NEGATIVE ’ SUCTION 
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ORIGINAL PAGTiTIS 



TABIE n-5i+. WIMG POINT DE3I0N EMIROIllENT , FINAL "ESIGN - TASK IIB, MACH 
n, = -i.O-g AND MACH l.?5 (V^) LCAD CONDITIONS 



NOTFS- Ml A 1 7S FACTOR HAS BEF'J AmiEO TO THE THERMAL STRAIN WHEN THE S«GW iS SAME AS mt AtHLOAD 
SIGN. OTHERWISE NO FACTOR AFPLIEO 
121 PRESSURE SIGN CONVENTION NEGATIVE SUCTION 




TABLE 11-55. WING POINT DESIGN ENVIRONMErTT, FWAL- DESIGN - TASK ITB, MACH 
DESCENT AND MACH 2.1 START -OF -CRUISE LOAD CONDITIONS 



rEMPCRATURE ^ J 'X- I ^ i 1 i:.- | I 


CONDirtON SYMMETRICAL ELIGHT, TRANSIENT MANEU\/ER AT MACW 2.7 START OF CRUISE. 
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Fuselage Cabin Press'ore 


Task IIB 


ijesign p.">?ssures for the Supersonic Cruise Aircraft are based on providing a 
oOCO ft, cabin altitude at a flight altitude of 70/000 feet. These con-ll tis'is 
produce a noi'inal aifferenrial p-'^essure of 11.2 psi; i.e.^ nominal cabin pressure 
combined with a nbient pressure. 


Maximum design differential pressure includes a toieraroe vnich accounts fcr va 
ations in static reference,, reg;ilatcr valve tolerance^ and relief valve tolerar. 
A graphic display of these tolerances are illustrated in Section 1,, Figure 1-10 


ces. 


An envelope of differential pressure values used to determine loads on the 
pressurised cabin is shown ir Figure 11 -l8. 


See the structural Design Criteria Section, Section u, for a more detailed 
description of the criteria for applying these pressures i>i the structural design 
analyses , 

The ultimate cabin pressures (l.50 times limit) for the critical flight conditions 
are contained in Table 11-57. This table includes a list of flight condicions as- 
ide nt if i'ed by the NASTRAN condition numbers and the associated flight parameters 
for these conditions. 


Fuselage Internal Loads - Task IIB 

The fuselage air and thermal loads were defined using the 3-D structural model 
which included a detail fuselage model. For the Task IIB redundant - structure 
analyses two design cycles were conducted; strength design and strength/stiffness 
design. The fuselage flexibilities were held constant for these two design 
iterations. The load intensities (airload and thermal) are discussed in tlie 
following text. 


Internal Loads - Airloads - Ultimate internal loads 
fuselage were defined for each of the design cycles 
investigation. 


I or the primary structure or t::e 
included in the Task IIP 
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FIGURE CABIN PRESSURE STRUCTURAL EE SIGN EICVELOPE 
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TABLE 11 - 57 . FJGEIAGE CABIN PRESSUBE - TASK IIB 


1 

' NASTRAN 
: COND. 

I no' 

WEIGHT 
X 10-3 LB 

i 

MACH 

NO. 

LOAD 

FACTOR 

{n^l 

Ve 

(KEAS) 

ALT. 

X 10'3 FT 

CABIN 

PRESSURE 

ULT, 

(psr) 

© ' 

1 

700 

0.90 

2.5 

282.4 

36.0 

16.95 

0 , 

690 

1.25 

2.5 

294.3 

48.0 

17.55 

© 1 

690 

1.25 

1.0 

294.3 

48.0 

17.55 

© 1 

690 

1 

1.25 

1 

2.5 

372.0 

i 

! 38.2 

17.55 

@ 

445 

; 1.25 1 

* 2.5 

1 

420.0 1 

34.0 

16.50 

@ 

660 

2.70 

2.5 

460.0 1 

61.5 

17.55 

0 

550 

2.70 

1.0 

433.6 j 

1 

64.0 

1 17.55 

© i 

700 

0.90 

2.5 

1 

282.4 

30.0 

15.30 

(D 

(D 

430 

- 

1.0 

100.0 

S.L. 

1 

1 » 

1 


TABLE 11 -53. C01?ARISON 0? FUSELAGE PAI-JEL LOAD INTENSITIES - 
TASK HE, MACK 1,25 LOAD CONDITION 


LOCATION 

(1) FUSELAGE PANEL LOAD INTENSITIES (ULT.I, LB/IN. 

DIRECTION 

STRENGTH DESIGN 

STRENGTH/STIFFNESS 

FS 900 

FS 1910 

FS2525 

FS 2900 

FS 900 

FS 19 TO 



UPPER 


473 

3867 



497 

■1 


909 

PANEL 

2 

X 

< 

33 

158 

166 


29 

m 

H 

81 

SIDE 


121 

270 

61 

82 

•156 

n 

•107 

•257 

PANEL 

Nxv 

158 

594 

1127 

257 

169 

m 

1218 

394 

LOWER 

PANEL 

Nk 

LDG 

GEAR 

WELL 

1 WING 

WING 

B 






(!) LOAD CONOITION-CONOfTION 12 : MACH 1.25, * 2.5, W * 690,000 LB., - 294 KE AS 






























■^hf! internal forces/ stresses were determined asir.g the KASTRA!' solution and 
converted to load intensities by the a'lxiliary running loads program. A compari- 
son of the point design load intensities for the sti-e-.gtb and strength/stiffness 
designs are shown in Table ]1-S8. These loads reflect the —cad state oi tne 
"extreme fiber'' upper and lower centerline panels and the high-shear side panel 
for the ?.5-g syrjr.etric maneuver condition at Mach 1,25, 


Representative load intensities for the final strength/stiffness desig:; are pre- 
sented in figure 11-19 and 11-20. These loads are ultimate loads and repre-sent 
tne maximum compression and tension condition respectively. 


Internal Loads - Thermal - Three critical temperature conditions were included in 
the ilASTR-ATI solution: start -of -cruise; mid-cruise; and a Mach 1.25 descent 

condition. See Tables 11-37 and 11 -iS for a description of the flight parameters 
and the Identifying ilASTRAI condition na.T.bcrs, 


The load irit-ertslties for the critical hot conditions are indicated 
on the aforementioned Figures 11-19 and 11-20. The start-of -cruise 
Condition 23, was the predominant hot condition. 


tn pai"enr.V‘esis 
condition^ 


Tn addition to the above thermal stresses, the local temperature gradients and 
average temperatures wei’e calculated for Inclusion in the fuselage point design 
environment , 


oection 6 contains a detail description of the results of the Task IIB thermal 
ana.lysis. For the sake of completeness, fuselage skin panel gradients and average 
temperatures are shown on Table 11-59 fo^ four point design regions at various 
circumferential locations. In addition to the three conditions included in the 
NARTRylN solution, the temperatures for 'a Mach 1.25 climb condition are shown. As 
can be seen from, a review of this table, the temperatures associated with this 
cnri'lltion are negligible and were not included in the NASTRATi solution. 
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JABLF: 11-59. FIBET-A:7F; 3KTN PANELS MAXI^flL: TIDRt'':AL OPADELNPS AI 

TPliPER/.TURS3, TASK IIB 


1. BASED ON HOT DAV (STD^BK) 
4200 n nil rifGHT PROFILE 


2. HAT STIFFENED PANELS. 
EXCEPT ZEE STIFFENED 
AT FS 750. 

3 'TOP'/BOTTOM' AT 

'SIDE' AT 90” OR ABOVE WING. 


P A NEL S C HEMAT IC 
INSUl ATION 

STIFFENER CROWN 


_n 


TEMPERATURES IN F 


LOCATION 


TOP 
FS 750 
2000 
2500 
3000 

SIDE 
FS 750 
2000 
2500 
3000 

BOTTOM 
FS 750 
3000 


FLIGHT CONDITION 

MACH 1.2 
CLIMB 

'^AVG 

START OF 
CRUISF 
F^vG 

MIOTOFND 
OF CRUISF 

1| FavG 

MACH 12 
DESCENT 
1 ^i“Lo ^AVG 


-105 34? 

175 295 

186 281 

-174 292 


106 I 332 
157 324 

-171 311 

-147 301 


380 +111 
374 I +171 
372 +181 
371 M70 


-11 369 

-11 394 

-11 393 

-11 358 


+ 109 108 

+ 156 129 

+170 139 

+ 142 122 


TEMPERATURES IN K 


LOCATION 

MACH 1,2 

START OF 

MID TO FND 

MACH 1.2 

CLIMB 

CRUISE 

OF CRUISE 

DESCENT 


Ti-To 

TaVG 

T,-To 

^AVG 

T,-To 

TaVG 

T.-To 

TaVG 

TOP 









FS 750 

+6 

296 

-74 

336 

-103 

409 

-31 

^8 

2000 

+3 

296 

-41 

319 

- 89 

409 

-42 

385 

2500 

+3 

296 

'35 

316 

- 82 

408 

-40 

390 

3000 

+3 

296 

-41 

319 

- 89 

408 

-42 

384 

SIDE 









FS 750 

+8 

295 

-70 

333 

- 99 

405 

-29 

364 

2000 

+4 

296 

-50 

323 

- 95 

417 

-37 ’ 

388 

2500 

+4 

296 

-42 

319 

- 88 

417 

-36 

393 i 

3000 

+5 

295 

1 

-44 

319 

- 84 

403 

-34 

376 

BOTTOM 



1 






FS 750 

+7 

295 

-70 

333 

-100 

405 

-29 

364 

3000 

+4 

296 

-35 i 

315 

- 86 

403 

-42 

381 i 
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Fi^eeia^e Point Design Envircnineni - Tack 


fL^.selsge point design load/ xemperat are environnients for the ctrength and final 
rengsh/stiffness ) design airplanes vere defined for their critical load con- 
ions, The point design envlroiittent vac defined at each point design location 
900 ^ PS 1910 ^ FS 2525 .^ and F3 2900) for various circamferetit ial locations 
^.nd the shell. The specific panel load/temperatnre environ.^ient corrospojils to 
panel locations usc-d on the l-F stractural rriodcl. Figure 11-21 illustrates 
riAfTP_A.T'r panel identif icat ion system. The fuselage point design ervlr^'nnients for 
strength design atrv~ianc are shown in Tables Ir-oO tlirough II- 65 . These ordnt 
irn envirvoninerits encompass si>: design lead conclit.ions. 


cor re spO!iding point design eroci renrnents for the final design are contained in 
les 11-66 through 11 -69 for the following design conditions, 

• Start -of -Cruise,, ;4ach 2,7 

• ^[id-cruise; Mach 2,7 

• Static Gust at Mach 0,9^ 

• Dynamic Landing Conditions (4} 
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'ABLE 11-63. FUSELAGE POINT DESIGN EIWIROM»IENT, GTHENGTII DESIGN - TASK 113 

■MACH 1.25 (V_) LOAD CONDITION 
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-*■181 +179 +177 +175 +172 +170 -170 -*162 +154 j + 14 G | ^142 + U 6 I +155 +163 +171 
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; REFER TO FIGURE 1 1-21 FOR FUSELAGE STATION (F.S.) AND CIRCUMFERENTIAL LOCATION 



TABLE 11 -6t. FJSELAGE POINT DESIGN ENVIRONMENT, FINAL DESIGN 

START -OF -CRUISE CONDITION 
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NOTE: REFER TO FIGURE 1 1-21 FOR FUSELAGE STATION (F.S.I AND CIRCUMFERENTIAL LOCATION 
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NOTE: REFER TO FIGURE 11*21 FOR FUSELAGE STATION (F.SJ AND CIRCUMFERFNTIAL LOCATION 
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